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PREFACE TO THE FOURTH EDITION 


HE book now contains 349 problems. Extra pages have again 

been made available to enable a limited number of additional 
problems to be given. Short chapters have been included on semi- 
conductor fundamentals and kinetic theory of gases. Other new 
problems deal with transistor characteristics and circuits, noise, gas 
discharges, amplifiers, oscillators, dielectrics, Fourier transforms, 
transmission lines and circuit analysis. A few of the previous prob- 
lems have been extended and some further minor modifications and 
corrections have been made. 

A number of the questions on kinetic theory of gases, noise and 
dielectrics have been taken from problem papers produced for 
second-year students in the Department of Electronic and Electrical 
Engineering at the University of Sheffield. The author wishes to 
thank Dr. P. N. Robson, B.A., A.M.LE.E., for giving permission for 
these problems to be incorporated. 


F. A. BENSON 


Electronic and Electrical Engineering Department, 
The University of Sheffield, 
1964. 
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PREFACE TO THE FIRST EDITION 


HIS book is based largely on problems which the author has 

collected over the last ten years, many of which have been 
given to undergraduate engineers. The purpose of the book is to 
present the problems, together with their solutions, in the hope that 
they will prove of value to other teachers and students. It is thought 
that the book covers almost the complete undergraduate electronics 
courses in engineering at Universities, but it has not been written 
to match any particular syllabus, and it should also be found useful 
by postgraduate students and research workers as a reference source. 
In fact, a few questions of postgraduate standard are included. 

Within the author’s knowledge, there is no other problem book 
on electronics with solutions which covers such a wide field as the 
present one. The few problem books which are available, while being 
excellent in some ways, suffer from certain disadvantages. In some, 
answers are given but not solutions, in others there are no questions 
at all on electronics, or if there are they form only a small part of the 
whole. In other instances, where solutions are given, the questions 
and solutions are not separated. Descriptive questions are given in 
some problem books; and, while it may be argued that these should 
be included to assist readers engaged in private study, the answers 
to these can easily be found in standard textbooks. The purpose of a 
problem book should surely be the application of theory rather than 
the teaching of it. 

Textbooks form other useful sources of problems; and in fact, 
most textbooks give some worked examples too, but these are 
generally used merely to illustrate points which have just previously 
been made in the text and do not encourage students to think for 
themselves. 

The author is very much in favour of problem papers and tutorials 
as a method of education, because it is well known that young stu- 
dents encounter many difficulties when they first try to apply their 
theoretical knowledge to practical problems. 

The 282 problems are divided up into 23 sections and the solutions 
are separated from the problems so that the students shall not see 
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solutions by accident. The answer is also given, however, at the end 
of each problem for convenience. A thorough grasp of the principles 
involved in any particular problem cannot be obtained by merely 
reading through the solution. Students should not therefore consult 
the solutions until they have either repeatedly tried hard and failed 
to obtain the stated answer, or successfully solved the problem and 
wish to compare the method of solution with that given. Wherever 
possible the problems are based on practical data, so as to 
familiarize the student with practical orders of magnitude. 

At first it was thought that, because of the enormous range of 
subjects to be included, two books might be published, one featuring 
the elementary topics and the other the more advanced ones. It was 
finally decided that one volume rather than two was much more 
desirable; but, to keep the price of the book at a figure reasonable 
for students, it was necessary to limit the number of examples to 
about the same as already given in the author’s existing book 
Electrical Engineering Problems with Solutions. It was also obvious 
at the outset that, because of length limitations, it would not be 
possible to include step-by-step mathematics, but only the electrical 
steps in the solutions. It is therefore assumed that the reader knows 
the necessary mathematics. It has been felt desirable to include a 
few problems of importance which are just standard textbook 
material but, in such cases, the solutions simply give references 
to suitable textbooks. Some topics which readers may expect to 
find included, e.g. kinetic theory of gases, sound equipment, poly- 
phase rectifiers, vacuum techniques, have had to be omitted, and 
others have had less space devoted to them than one would have 
liked. 

The author cannot possibly claim that all the problems in the 
collection are original, but it is impossible to acknowledge the 
sources of those which are not. Most of the problems are new, 
however, and in many cases they have been carefully formulated to 
try to encourage thought and understanding; but some, which 
require only numerical substitutions in formulae are included, in 
the hope that they will develop the student’s sense of magnitudes. 

To avoid repetition, all the general data required have been 
collected together and are given at the beginning of the book. 

While great care has been taken to try to eliminate errors some will 
inevitably have crept in, and the author will be glad to have any such 
brought to his notice. 
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GENERAL DATA 


Charge on an electron (e) = 1-602 x 10-'® coulomb 
Mass of an electron (m) = 9-107 x 107 kg 

Planck’s constant (h) = 6624 x 10-*4 joule-sec 
Boltzmann constant (k) = 1:38 x 10-73 joule/°K 
Permittivity of free space (€9) = 8-855 x 10-1 farad metre 
Excitation potential of argon = 11:6 V 

Ionization potential of mercury = 10-4 V 

Ionization potential of neon == 21:5 V 

Resistivity of copper = 1-7 x 10-* ohm-cm 


Resistivity of nickel = 9-39 x 10-§ ohm-cm 


Section I 


PROBLEMS 


CHAPTER ONE 
CIRCUIT ANALYSIS 


1. A series L, C, R circuit, with R=40, L = 100wH and 
C = 200 wuF is connected to a constant-voltage generator of variable 
frequency. Calculate the resonant frequency, the value of ‘Q’ and 
the frequencies at which half the maximum power is delivered. 

[Ans. 1,126 ke/s; 177; 1,129 ke/s; 1,122 ke/s] 


2. The graph shows the variation of current through a series L, 
C, R circuit when connected to a 5-V constant-voltage generator 
of variable frequency. Find the values of ‘Q’, R, L and C. 


200 


CURRENT (mA) 


foo 


FREQUENCY {¢ds) 
870 880 890 300 
[Ans. 55°25; 14:53 Q; 144-5 wH; 224 wuF) 


3. A coil of inductance 88 wH is placed in series with a 4:8-Q 
resistor. The combination is connected in parallel with a 375-yuF 
capacitor. Calculate the frequency of the circuit for which the 
effective impedance is a pure resistance. 

[Ans. 876-4 ke/s] 
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4. Determine the ‘Q’ factor of the parallel damped circuit shown 
below. 


= 


[Ans. R/w,L] 


5. A parallel resonant circuit is tuned to a frequency of 1 Mc/s 
and contains a 200-yuF capacitor. When a source of constant 
voltage is injected in series with the circuit the current falls to 0-707 
of its resonant value, for a frequency deviation of 5 kc/s from the re- 
sonant frequency. Calculate the circuit 


*Q’and theparallel resonant impedance. Li La 
[Ans. 100; 79-6 kQ] 
6. A parallel resonant circuit em- L 


ploys a 50-uuF capacitor and has a 
bandwidth of 250 kc/s. Calculate the 
maximum impedance of the circuit. (a) 
[Ans. 12,740 Q] c 
t Cz 


7. Reduce the two circuits shown o— a }-—e 
at (a) and (6) to the simple coupled 
circuit of (c) by assigning suitable c 
values to Z,, Z, and M. | a 
What are the coefficients of coupling 
for the circuits (a) and (6)? 
[Ans. (a) Z, = joo(Ly + Lys 
Z; = jo(L, = © Ln) M=L,; 
(0) Zy = (Cy + Cy) OC Cos 
Z,= (C, a Ci,)[@C2C nr» Zp Zs 
M = 1/w*C,,; coefficients 
of coupling are 
Lal V (Ly + Lm)(Lq + Lm) for (a) and 
VC,Col(Cy + C(Ce + Cm) for (6)] ©) 


PROBLEMS 8-10 5 


8. The two resonant circuits shown are tuned to the same fre- 
quency w,/27 and coupled together. Obtain an expression for the 
secondary current J, in terms of the voltage E, the circuit Q’s, Q, and 
Q,, the coefficient of coupling k and the ratio of the actual frequency 
to the resonant frequency, «. 

Show that J, reaches its maximum value when the circuits are in 
resonance and when w,M = VR,R, and that the value of k for 


critical coupling is 1/VQ,Q,. 


t, 
[Ans. I, = — jEk]om,V LL, {k? + 
1/0,0, — (1 — 1a?) + j(1 — 1/o(1/Q, + 1/23] 


9. Two series circuits, each consisting of a 300-wH inductor and a 
1,000-uuF capacitor, are magnetically coupled so as to have a 
-mutual inductance of 60 wH. An e.m.f. of 10 V having a frequency 
of 1/a Mc/s is injected into one circuit. Determine the current in the 
other circuit and the coefficient of coupling (x). 
[Ans. — j0-273 A; 0:2] 


10. Evaluate the input impedance of the circuit shown, at a fre- 
quency of 1 Mc/s. The coefficient of coupling is 0-1. 


200 
BH 


OOOO 


1002 


[Ans. (6-1 + j1,249-1) Q] 
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11. A voltage of 100 V at a frequency of [108/27] is applied to 
the primary of the 


M = 75KH coupled circuit illus- 

RyalSo NX Re = 8.2 trated. Calculate the 
total effective resist- 

L, = L. = ance and reactance 
ZOomH 100hH C2 = referred to the 


10,o0o%F primary. 


e— Determine also 
h rimary and 

C, =5,000ueF the Pp 
secondary currents. 


[Ans. 718 Q; 0; 0-139 A; 1-306 A} 


12. A transformer has a tuned primary winding and an untuned 
secondary. The inductance of each winding is 1 mH and the mutual 
inductance between them is 0-5 mH. The primary winding is tuned 
with the secondary open-circuited, and resonates at a frequency of 
500 ke/s. If the secondary circuit is now short-circuited find the 
change of tuning capacitance required to keep the same resonant 
frequency. Neglect the resistances of the windings. 

[Ans. 34 uF] 


13. In the circuit oe eS R2220-2 


trated wl, = 1/wC,. Deter- @—| 

mine the value of the input 

impedance, if C, is chosen 

to make it purely resistive. 

The frequency is 1 Mc/s. aa = 52 
[Ans. 202-4 Q] 


cont 
14. In the circuit illustrated e, = 169-7 sin 1,885¢ volts and e, = 
R, =60n Re « 80.2 141-4 sin (1,885¢ + 45°) 


volts. Calculate the 

<2 primary and secondary 

currents and draw a 

€2 complete vector dia- 
- gram for the circuit. 


[Ans. I, = 1-168] — 45-6° A; 
I, = 0-903/ — 13-6° A] 


M 2IT-TS mH 
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15. Determine the equivalent impedance of the two magnetically- 
coupled parallel circuits illustrated. 


[Ans. (ZZ, — Z,,")[(Z, + Zz — 2Zm) 
where Z, = R, + jol, 
Z, = Ry + joly 

and Z,, = + joM] 


16. Experiments carried out on a variometer, whose two coils 
were series-connected, showed that the inductance values obtainable 
varied from 40 mH to 360 mH. Assuming that the self-inductances 
of the two coils are equal, determine the range of inductance values 
obtainable if the coils are reconnected in parallel. Neglect resistances. 

[Ans. 10 to 90 mH] 


17. Calculate the current flowing in resistor Rg of the network, 
involving several coupled circuits, as shown. The angular frequency 
w = 2 x 108 radians/sec. 


Ro = 602. 


es 


[Ans. 3-69/— 64° 6’ mA] 
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18. For the circuit shown, calculate the total loop impedances, 
the mutual impedance, the apparent impedance of the primary 
loop and the currents in the two loops. 


Ri zS42% LyeSSuH C2 = 0-042) mF 


Resin 7684H RL os. 
[Ans. (8:5 — 7174) Q; (120-5 — 7320) Q; 
7503 Q; (271 + j522) Q; 
0-017/— 62-6° A; 0-0251/— 83:2° A] 


19. A wavemeter consists of a variable capacitor, having a range 
of 50 to 1,000 wuF, and two coils of inductances 300 and 100 wH 
respectively. If the coils are fixed so that their mutual inductance is 
25 wH, what range will the wavemeter have when the coils are used 
(a) in series aiding (6) in series opposing, (c) in parallel aiding and (@) 
in parallel opposing? 

[Ans. (a) 283 to 1,265 m; (5) 249 to 1,115 m; 
(c) 122 to 546 m; (d) 107 to 481 m] 


20. A coil has an inductance of 5 mH, a self-capacitance of 5 uF 
and a high-frequency resistance of 100Q. Determine the effective 
resistance and inductance of the coil at a frequency of 500 ke/s. 

[Ans. 177 Q; 6°67 mH] 


21. A coil is tuned to a certain frequency by a 250-uuF capacitor. 
To tune the coil to the second harmonic of this frequency a capaci- 
tance of 55 wuF is required. Determine the self-capacitance of the coil. 

[Ans. 10 upF] 


22. Two coils, of inductances 50u“H and 200wH respectively, 
are magnetically coupled. Find the effective value of the mutual 
inductance between them, at a frequency of 2 Mc/s, their self- 
capacitances being 5 and 7 wuF respectively, and the coefficient of 
coupling being 0-05. 

[Ans. 6°3 wH] 


PROBLEMS 23-26 9 


23. Derive the conditions which must be satisfied for the two 
circuits illustrated to present identical impedances at all frequencies. 


A < 8 A L, _ B 
Tel Tel 
(b) 


(a) 
[Ans. C’ = CC,/(C + C)); L, = L(C + C,)*/C?; 
Cp = CC + C)] 
24, Prove that if R = VL/C the impedance of the circuit shown 


is independent of frequency, and determine the value of this 
impedance. 


L R 


[Ans. R] 


25. A non-inductive resistor of resistance R ohms is connected 
in parallel with a coil of inductance L henrys and negligible resis- 
tance. Calculate the values of R and L so that the impedance of the 
parallel combination, at a given frequency, is the same as that of a 
single coil of resistance r ohms and inductance / henrys. 

[Ans. R = {r + @P/r)}; L = {1+ (*/o*D)}] 


26. Prove that the load impedance which absorbs the maximum 
power from a source is the conjugate of the impedance of the 
source. . 

A loudspeaker is con- i 
nected across terminals 
A and B of the network 
illustrated. What should 
its impedance be to ob- 
tain maximum power 
dissipation in it? 


[Ans. (7°5 + 7 2-5) Q] 
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27. Derive an expression for the relationship between the series 
resistance p and the shunt resistance r which may be used alternatively 
to represent the losses in a capacitor of capacitance C. 

For a particular capacitor at a certain frequency the product pC 
was found to be 25 x 10-!° and the power factor was known to be 
0-001. Determine the frequency at which the measurement was 
carried out. 

[Ans. w*C?or = 1, where w = 2 x frequency; 63-7 kc/s] 


28. The diagram shows a phase-shifting network. R and C are 
always adjusted so that the magnitude of their total impedance in 
series is 5,000 Q. The supply frequency is 1,000 c/s. Determine the 
values of R and C which produce a phase shift of 30° between V, 
and V,. Does V, lag or lead with respect to V;? 


[Ans. 2,500 Q; 0-037 uF; lags] 


29. Find the voltages V;, V, and Vz, in the circuit illustrated 
using (a) mesh analysis, (b) nodal analysis. 


R, = 9OON 


£/6o() 


FOR NODAL FOR MESH NoDE 4 (REFERENCE) 
ANALYSIS ANALYSIS | 
EQUIVALENT GENERATORS 


[Ans. Vz, = E(0-499 + 70-214) 
V, = E(0143 — 7 0-143) 
Vz = 0:284E] 


PROBLEM 30 ; 11 


30. Write down the nodal equations for the circuit illustrated. 


Le = TA 


[Ans. —E,Y, + V,(¥, + Ys3+ Yg+ Ys) — Vi(¥%, + Ys) = 0; 
—E, Yo + VA ¥e-+ Yat Ys + Yo) — Vi(¥, + ¥;) = 0] 


CHAPTER TWO 
TRANSIENTS AND OSCILLATORY CIRCUITS 


31. For the series circuit shown, prove that the current after 
closing the switch S is oscillatory, of gradually decreasing amplitude 


R=OSm L«o-oosH and of frequency 159 c/s. Plot the 
current-time wave from the instant the 
C = 2004F switch is closed. 


The 0-5-Q resistor is now replaced 
by a 10-Q one. Obtain the new expres- 


\ sion for the current which flows after 
s aa closing the switch and plot the current- 
ZOov time wave. 


Repeat the calculation for the case where the resistor has a value 
of 20 Q. 
[Ans. 40,000t e— 19° amperes; 11-54 (e— 7% — e378") amperes] 


32. Derive an expression for the current which flows in the 
circuit shown, immediately after closing switch S. At the instant at 
which S is closed the applied voltage is zero. Plot curves showing the 
variation of the two components of the current wave, and of the 
resultant current, with time. (Observe that after a time corresponding 
to about three complete cycles of the supply voltage the transient 
term has become relatively small.) 

If the resistance in the circuit is reduced to zero show that the 
current never becomes negative, and that the voltage and current 
waves pass through zero values simultaneously. 


L=002H R=a22 


s 200 sin 628t voLTs 
[Ans. 15-52 e~ 19% 1 15-71 sin (628t — 81°) amperes] 
12 
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33. Derive an expression for the current which flows in the 
circuit shown, immediately after closing the switch S. At the instant 
at which S is closed the 
applied voltage is zero. Plot 
graphs showing how the two 
components of the current 
wave, and the resultant 
current, vary with time. Ob- 
serve that (a) about 0-05 sec 
after closing S the amplitude iS 
of the transient wave is less 
than 10% of its maximum amplitude of 41-3 A; (6) the frequency 
of the transient current is 159 c/s. 

[Ans. 41-5 e—5% cos (1,000¢ + 173-5°) 
+ 41-3 cos (628¢ — 6°) amperes] 


34. Repeat Question 33 for the case where R = 0-25 Q and the 
supply frequency is 159 c/s, the other constants remaining the same. 
[Ans. — 800 e~?* sin 1,000¢ + 800 sin 1,000¢ amperes] 


35. Repeat Question 33 for the case where R = 10-1Q and the 
supply frequency is 50 c/s, the other constants remaining the same. 
Assume that when the switch is closed the applied voltage is at its 
maximum positive value. 

[Ans. — 131-6 e715! + 125 e —865% 4. 11-4 cos (314t + 54-7°) 
amperes] 


L=0-005H C = 200pF 


Rs O58 


200 sin 628t VOLTS 


36. An inductor-capacitor-resistor series circuit has the following 
constants: C = 2:5 uF, L = 2mH, R = 40 Q. The applied voltage, 
which is sinusoidal, has a peak value of 100 V and the frequency is 
1,000 c/s. The mains switch is closed when the voltage is at half its 
peak value and the capacitor is initially uncharged. Derive an 
expression for the current at a time ¢ after closing the switch. 

[Ans. 1-73 e-2°"t sin (104¢ — 61° 44’) 
+ 1-54 sin (6,283¢ + 80° 23’)] 


37. A 2:5-uF capacitor, a 2-mH coil and an 80-Q resistor are 
connected in series with a switch. The capacitor is initially charged 
to a voltage of 100 V. Derive expressions for the current, the 
capacitor voltage and the charge on the capacitor at a time ¢ after 
closing the switch. Calculate, also, the maximum value of the 
current. 
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If the 80-Q resistor is replaced by a 40-Q one derive an expression 
for the current at a time ¢ after closing the switch. 
[Ans. 1-77{e~5858¢ — Bectueis: A; 
{120-8 e@5:858¢ nes 20:8 e 34-1424) V; 
10-4{3-02 e5858t — 0-52 e~$+1424} coulombs; 
1-02 A; 5 e~10" sin (1042) A] 


38. A steady voltage of 100 V is applied to the circuit shown. 
The capacitor is initially uncharged. Derive expressions for the 
currents i, and i, at time ¢ after closing the switch. 


lOO 2 


[Ans. i, = {— 0-395 e-1575¢ — 0-105 e- #24 + 0-5} A; 
ig = {0-168 e-2575t + 01653 e124} A] 


39. In the circuit illustrated, R, = 20Q, R = R, + Rz = 100Q, 
L,=2H, L=L1,+L,=4H and M=2H. A sinusoidal 
voltage of peak value 100 V and frequency 50 c/s is suddenly applied 
to the primary at the instant when it is a maximum. Derive expres- 
sions for the currents i, and i, at any time ¢ after the voltage is 
applied. 


i, Rr 


[Ans. i, = {— 0:2176 e819 +. 0-173 e Slt 
+ 0-287 cos (314t — 81° 3’)} A; 
ip = {— 2 cos 314t + 0-182 e-81'% + 0-041 e814 
+ 01146 cos (314¢ — 81° 3’) — 1-81 sin (314¢ — 81° 3’)} A] 


PROBLEMS 40-41 15 


40. Find the Laplace transforms of: 


(a) y(t) = e%# t*'/(n — 1)! and 
(b) y(t) = e~* sin at. 


Obtain the Laplacian subsidiary equation for a series circuit 
containing resistance (R), inductance (L) and capacitance (C) and 
show how the transient response of such a circuit may be investigated 
no matter what the form of the applied voltage. 

Calculate the current in the series circuit, at time ¢, from the 
subsidiary equation if there is no initial current and no initial charge 
on the capacitor and the applied voltage E is constant. Assume 
that R = 2VLIC. | 

[Ans. 1/(p + a)"; af{(p + 6)? + a}; 
(Lp + R+ 1/Cp)l = V + Lly — Qo/Cp; 
Et e™/L) 


41. (a) Use the Laplace-transformation procedure to solve the 
following simultaneous differential equations: 


(D? + 2)x — Dy=1)t>0 
Dx + (D? + 2)y =0 


given that at t = 0, x = xX, y = Dx = Dy = 0. 
(b) For the circuit illustrated write down the various Laplacian 
subsidiary equations and show that: 


~ — VZ,Z(tq — UZ) 
is Z4Z,Z(1 + om) + (Z, + Z1){Z2Z + r(Z_ + Z3)} + rgZ4Zy 


where V is applied at time ¢ = 0 when steady conditions prevail. 


I,-I. 


(c) A voltage v(t) is applied to the primary circuit of the figure 
illustrated at time ¢ = 0 with zero initial conditions. Show how the 


’ 
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secondary current i,(t) can be found by the Laplace-transformation 
method. Neglect the primary resistance. 


M C2 


u(t) a~ i2(¢) 


ar(t) L, L, R. 


| Ans (a) x = 4+ 402% — 1) cost + (2x9 — 1) cos 2; 
y = 42x — 1) sint — 32x — 1) sin 22; 


(©) m= ad 
* (LyL, — M*)p? + RoLyp + LC, 

42. (a) An oscillatory circuit tuned for a wavelength of 300 m has 

a coil inductance 150 wH and an effective resistance of 10 Q. Calcu- 

late the logarithmic decrement. 

[Ans. 0-033] 


(b) Prove that in an oscillatory circuit for which the logarith- 
mic decrement is 0-1 there are 47 oscillations in a wave train before 
the amplitude of the current has fallen to 1% of its initial value. 


43. Find the exact natural frequency of free oscillations in an 
oscillatory circuit in which the capacitance is 0-055 uF, the induc- 
tance is 2 wH and the resistance is 1 Q. 

Determine also the minimum value of the circuit resistance which 
would make the discharge of the capacitor unidirectional. 

[Ans. 478 ke/s; 12:1 Q] 


CHAPTER THREE 
WAVEFORM ANALYSIS 


44, Find the Fourier-series representation of the output-voltage 
wave of a single-phase half-wave rectifier. 


Hence, deduce the corresponding expression for a full-wave 
rectifier. 


Determine the r.m.s. value of the full-wave rectifier waveform 
from the Fourier-series formula. 


1 1 2 cos | 
.£j-+ = sind —- ——. 
| Ans E(t + 5 sin Pee _@—p 


zf—4 S cos n6 |; av3| 


rT Wn=2,4,6... (n? —I)) 


45. Show that the Fourier series of the square waveform illustrated 
is 


_4&E (c cos 3x 4 cos 5x  cos7x ) 
a (a 3 5 7 Shee 
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46. Show that the Fourier series of the sawtooth waveform 
illustrated is 


_ 2E ( ; sin 2x a sin3x sin 4x ) 
y = — \sinx 5 a ae 
Find, graphically, the result of adding the first four terms and 
determine, graphically, some of the coefficients of the Fourier series. 


¢ 


47. Show that the Fourier series of the short square pulse illus- 
trated is 


sin 2n7 cos 2x 
2 
sin 37 cos 3x 
sindercostx , 


oe ee 
y= £{n+2(sinnn cos x + 


48. Show that the Fourier series of the short triangular pulse 
illustrated is 


2 2 
yaE[ te > {= sin von — 
N=1 


N*x?n 
; _ . Nan 
(ven sin Nan — 2 sin? xl cos ve] 
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49. Find the Fourier series for the waveform illustrated which is 
produced by an m-phase rectifier. 


) ANGLE 8 


Hence, show that the percentage of sixth harmonic in a six-phase 
rectifier waveform is 5-71 %. 


ans. (mE/z) sin (77/m) (1 — os Pe em cos mnt} 


n=1 (m?n? — 1) 


50. One of the Fourier transform pair can be written 
er lietia 
=— t)~I”dt 
8(0) = ie fd) 


Write down the corresponding formulae for f(t). How are these 
formulae related to the Fourier series formulae? 
Calculate g(w) for the following time function: 


fg) =0,t<0 
f(t) =e“ t>0 
Show how this spectrum can be used to calculate the response of 
an amplifier of complex gain G(w) to a step voltage input. 


[Ans. f(2) =| — g(wje da; 
1/2a(a + jw)] 


CHAPTER FOUR 
SEMICONDUCTOR FUNDAMENTALS 


51. (a) What are the first four permissible energy levels for a 
hydrogen atom? 

(6) An electron in a hydrogen atom makes a transition from 
energy level 2 to the ground state. Determine the energy released 
by the electron. What is the frequency of the resulting radiation 
from the atom? 

[Ans. (a) —13-6eV; —3-4eV; —1:51eV; —0-85 eV, 
(b) 10-2 eV; 2:465 x 10** c/s] 


52. Calculate the conductivity and resistivity at 300°K of (a) pure 
germanium, (5) pure silicon. For germanium at 300°K assume that 
the density of carriers is 2:5 x 10'8/cem? and for silicon 1-6 
xX 10'°%/cm*. The carrier mobilities at 300°K are given in the Table 
below. 


Carrier mobilities for germanium and silicon 
at 300°K (cm?/(volt-seq)) 


Germanium Silicon 


Electrons 


[Ans. (a) 0:0212 mho/cm; 47:2 ohm-cm 
(b) 5:12 x 10-* mho/em; 195,300 ohm-cm] 


53. A specimen of intrinsic germanium at 300°K, for which the 
density of carriers is 2:5 x 10'/cm%, is doped with impurity atoms 
such that there is one impurity atom for every 10° germanium atoms. 
All the impurity atoms may be assumed ionized. The density of 
germanium atoms is 4-4 x 10%2/em®. Determine the resistivity of 
the doped material. [Ans. 0-039 ohm-cm] 

20 
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54. For the doped material in Problem 53 calculate the electron 
and hole densities. 
[Ans. 4-4 x 10!%/cm?; 1-41 x 10!°/cm?] 


55. Determine the drift velocities of holes and electrons at 300°K 
for an electric field of 100 V/cm in (a) germanium; (bd) silicon. The 
carrier mobilities are given in Problem 52. 

[Ans. (a) 17 x 104 cm/sec; 36 x 104cm/sec (6) 5 x 104 cm/sec; 
15 x 104 cm/sec] 


56. Calculate the diffusion constants for holes and electrons at 
300°K in (a) germanium; (bd) silicon. The carrier mobilities are 
given in Problem 52. [Ans. (a) 44 and 93-1 cm/sec, 

(b) 12:9 and 38-8 cm/sec] 


57. Assuming that the diffusion length for both holes and electrons 
in germanium at 300°K is 0-1 cm and using the results of Problem 56 
determine the average lifetimes of the holes and electrons. 

[Ans. 227 us; 107 us] 


58. Obtain an expression for the contact potential developed across 

a p-njunction. The hole and electron densities in the p-type material 

are p, and n, respectively and in the n-type material are p,, and n,,. 
[Ans. kT loge (p,|p,)/e = kT loge (n,/n,)/e] 


59. Derive an expression for the current produced by the applica- 
tion of a voltage V across a p-n semiconductor junction in terms of 
the saturation current J,. 

If the saturation current density at 300°K is 25 wA/cm? calculate 
the voltage which would have to be applied across the junction to 
cause a forward current density of 5A/cm?. 

[Ans. I, {exp (eV/kT) — 1}; 0-316 V] 


60. Derive a formula for the Hall coefficient of a semiconductor 
specimen possessing n electrons and p holes per unit volume. The 
electron and hole densities are n and p respectively and the corres- 
ponding mobilities are w,, and p,. 

Hence, find the values of the coefficient for (a) agintrinsic semi- 
conductor with carrier density n,; (b) a highly-doped n-type material. 

[Ans. (pu? — ny,2)/e(pity + nen); @) (Uy — Hn)[Ne(y + Hn); 

| (6) —1/ne] 
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CHAPTER FIVE 


VALVE AND TRANSISTOR CHARACTERISTICS 


61. A diode valve has the following J,/V,, characteristic: 


This valve is placed in series with a resistor of 20,000 Q and a 
battery of 200 V. A resistor of 60,000 Q is connected between the 
anode and cathode of the diode. Determine the current through the 
diode. 

[Ans. 3 mA] 


62. The anode-voltage/anode-current characteristic of a certain 
diode is given by the following figures: 


Voltage V, (V) 


Current J, (mA) 


Plot the dynamic characteristic curve if the load has a resistance 
of 2,500 Q. Hence find the load current, and the voltage across the 
load when the supply voltage is 50 V. 

[Ans. 14-5 mA; 36°25 V] 


63. The anode-voltage/anode-current characteristic of a certain 
diode is given by the following figures: 


_ Voltage V, (V) 15 


Current J, (mA) ‘ 13-7 22:0 31-0 


Show that the relationship between J, and V, is of the form 
I, = KV," and find the values of n and K. 
[Ans. ~ 1:14; ~ 1] 
64. In tests on a certain thyratron, with a steady value of negative 
grid voltage applied to the valve, the anode voltage was gradually 
22 
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raised until the valve conducted. The corresponding grid and anode 
voltages at the point of conduction were: 


Grid voltage (V) .||— 8-7! — 8-0| — 7-0] — 6-0; — 5:0 


‘Anode voltage (V) |} 191 | 176 | 152 


Plot the control characteristic, and estimate the control ratio over 
that portion of the graph which is approximately linear. 
[Ans. 21-8] 


65. A thyratron just becomes conducting with 200 V on the anode 
when the negative grid voltage is held at — 8 V. The control ratio is 
35. Find the minimum anode voltage for conduction when the grid 
is held at — 20 V. Determine also the critical grid voltage, when the 
anode voltage is 340 V. 

[Ans. 620 V; — 12 V] 

66. The linear parts of the control characteristics of a certain 
thyratron are given by the following expressions: 

V, = [— 120 V, — 160], when the temperature is 40°C 
and V,=[— 70 V, — 130], when the temperature is 70°C, 
where V,, is the anode voltage in volts, and V, is the grid voltage in 
volts. 

Evaluate, for an anode voltage of 400 V, the change in critical 
grid voltage when the temperature of the valve rises from 40°C to 
70°C. 

[Ans. 2°8 V] 


67. The thyratron of Question 66 is used as a controlled rectifier 
on a sinusoidal a.c. supply of peak value 350 V. Determine the 
striking angles for a d.c. grid bias of — 4 V (a) when the tempera- 
ture is 40°C, and (6) when it is 70°C. 

[Ans. 66° 5’; 25° 227] 


68. Three triodes having amplification factors of 10, 20 and 30, 
and with mutual conductances 2, 5 and 3 mA/V respectively, are 
operated in parallel. Calculate the equivalent mutual conductance, 
the anode resistance and the amplification factor of the combination. 

[Ans. 10 mA/V, 1,818 Q, 18-18] 
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69. A certain thoriated-tungsten filament operating at 1,900°K 
gave a saturation current of 85 mA. Calculate the corresponding 
current for a pure-tungsten filament of the same area operating at 
2,500°K. The Dushman constants are: 

For thoriated tungsten 

A = 3-0 amps/(cm)*(°K)?, b = 30,500°K. 
For pure tungsten 
A = 60-2 amps/(cm)?(°K)?, b = 52,400°K. 
[Ans. 21-8 mA] 


70. A certain filament operating at 2,100°K was thought to give a 
saturation current 10,000 times as great as that when the operating 
temperature was 1,600°K. If this had been true what would the work 
function of the filament material have been? 

[Ans. 5 V] 


71. Calculate the space-charge-limited current density between 
parallel plates 2mm apart when the voltage across them is 200 V. 
[Ans. 165 mA/sq cm] 


72. Two diodes each have an anode 4 mm in diameter and 2 cm 
long, but one of them has a filament 0-1 mm in diameter, while the 
other has an indirectly-heated cathode 1-5 mm in diameter. Calculate 
the space currents flowing in each valve when the anode voltage is 
25 V. 

[Ans. 17 mA; 41 mA] 


73. Explain the conditions under which the current in a diode 
is given by the law J = kV®, Show that the shape of the electrodes 
only affects the constant k. 


74. Calculate the operating characteristics and life for a 10% 
evaporation of mass of an ideal tungsten filament having a length of 
2cm and a diameter of 2-5 mm when operated at a temperature of 
2,600°K. Use the data given in the Table which has been published 
by Jones and Langmuir* for an ideal tungsten filament 1 cm long 
and 1 cm diameter. The density of the material is 19. 


* H. A. Jones and I. Langmuir, ‘The Characteristics of Tungsten Filaments as 
Functions of Temperature,’ Gen. Elec. Rev., 30, pp. 312-13, 1927. 
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Filament Details 


Filament 


Temperature Hee Resistance Current Voltage Eoussion odg apeoie 
. Ry I vy cm?/sec 


I! 


2630 W | 98°66 x 107° Q | 1,632A |161:1 x 10°7V} 2-25A | 2-76 x 10-8 
[Ans. Power radiated 13-17 W; Resistance 0-3155 Q; 
Filament current 6-45 A; Voltage drop 2:04 V; 


Emission current 0°1125 A; 376 hr] 


75. A diode with parallel-plane electrodes 4cm apart has an 
anode voltage which is 8 V negative with respect to the cathode. 
Calculate the maximum distance which an electron can travel from 
the cathode surface if it leaves it with an energy of 2 eV. 

[Ans. 1 cm] 


* 76. Ina cylindrical diode the electric-field intensity at the cathode 


surface is 10° V/m, and the cathode temperature is 2,600°K. Deter- 
mine the percentage increase in the zero-external-field thermionic- 
emission current because of the Schottky effect. 

[Ans. 184%] 


77. (a) A low-mu, plane-electrode triode has a grid-anode spacing 
of 0-19 cm, a grid-wire spacing of 0-127 cm and a grid-wire radius 
of 0:0064 cm. Estimate the amplification factor. 


(b) In a cylindrical-electrode triode with an amplification 
factor of 20 the anode radius is 1-05 cm. The evenly-spaced grid wires 
are each of 0-04 cm radius, and are arranged to form a squirrel cage 
around a grid-wire circle of radius 0-5cm. Determine the total 
number of grid wires. 


(c) Derive the Vodges—Elder expressions* for the amplification 
factors of both high-mu, plane-electrode and cylindrical-electrode 
triode valves. 

[Ans. (a) = 8, (b) ~~ 10, (c) see the solution for the expressions] 


* See F. B. Vodges and F. R. Elder, ‘Formulas for the Amplification Constant for 
Three-element Tubes,’ Phys. Rev., 24, pp. 683-9, 1924. 
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78. The characteristics of a junction transistor are given in the 
following Table: 


Collector Collector Current (7,) in mA 


Voltage 
Vig (volts) 


= 40 uA | I = 80nA 


1-90 3°7 
2°05 
2:20 


The transistor is connected in a common-emitter stage with a 
collector load of 1,500 Q, to supply voltage of 6V and a d.c. bias of 
40 wA. Plot the characteristics, draw the appropriate load line and 
calculate the power dissipated in the transistor. e 

What will be the total voltage swing at the collector for an a.c. 
input signal current of 40 uA peak in the base? 

[Ans.6mW; ~ 4-9 V] 


79. The output characteristics of a certain p-n-p transistor for 
common-base and common-emitter connections are illustrated in the 
figures. Determine, from these curves, the values of « = — (di,/0i,)y i. 
and «’ = (di,/0i,)y.,. 


LET ET erry yey Tt 

+H oC Be 3 Hf A ~6 -7 -8 -9 
Veb (vouts) 
{By courtesy of Mullard Ltd.} 


PROBLEM 80 27 


Show how «’ may be expressed in terms of « and vice-versa. 
[Ans. 0°98; ~ 57; 0’ = afl —a);e=—e//1+2’)] 


Vee (voLTs) 
[By courtesy of Mullard Ltd.] 


80. For a transistor used in the common-emitter configuration 
the relationship between collector current and collector voltage, 
with various fixed values of base current, are given in the following 
Table. 


Collector 


Voltage (V) Collector Current (mA) 


Base Base Base Base Base 
Current Current Current Current Current 
—30 uA | —S50uA | —70KHA | —90 KA | —110 KA 

—09 —1:55 —2:2 —~2°85 —3°55 
—0:92 —1-65 —2-4 —3-05 
—0:95 —1:77 —2°55 —3-25 


098 | —1:90 | —2-75 | —3-5 


Draw the static characteristics of the transistor and use these to 
determine the current gain when the collector voltage is —5 V. 
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The transistor is to be used as a common-emitter amplifier with a 
load resistance of 1,800 © and a collector battery voltage of —9 V. 
Draw the load line and use this to find the base current for a collector 
voltage of —4 V. 

[Ans. 37; 82 uA] 


CHAPTER SIX 


EQUIVALENT CIRCUITS OF VALVES 
AND TRANSISTORS 


81. In the circuit illustrated the input signal e is 1 V r-m.s. and the 
frequency is 2,000 c/s. Calculate the reading of the a.c. voltmeter if 
it has a resistance of 10,000 Q and negligible reactance. The amplifi- 
cation factor of the valve is 20 and its anode resistance is 8,000 Q. 


1000.2 


ry 
t 


3,0002 


[Ans. 2:06 V] 


82. Draw the equivalent circuit of the arrangement shown and 
find the r.m.s. a.c. anode current in the valve. The valve constants 


are uw = 20 and r, = 5,000 Q. 


O-2V ¥-m-s. 
$=1t,000¢/s  [Ans. 35-9 uA] 
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83. Draw the equivalent circuit for the network illustrated, and 
write down the equations from which the various alternating currents 
and voltages may be calculated. Assume that, with the reference 
potentials shown, the voltage e, is 30° ahead of the voltage e,, and 
that the r.m.s. values of e, and e, are 1 V and 2 V, respectively. 


84. Derive the current-source equivalent circuit for a triode 
valve, where the valve is supposed to be replaced by a current 
generator which supplies a current g,,V, flowing from anode to 
cathode within the valve, and which has the anode resistance r, 
connected across the generator terminals. g,, is the mutual conduc- 
tance of the valve and V, the grid-cathode voltage. 


85. Two triode valves have amplification factors of 20 and 40, 
and anode resistances of 5,000 and 10,000 Q, respectively. The two 
anodes are joined together, and a load of resistance 20,000 Q is 
connected between the anodes and the h.t. supply line. An alter- 
nating voltage of 4 V is applied between the grid and cathode of the 
first valve, and a voltage of 2 V, of the same frequency and phase, 
is applied between the grid and cathode of the second valve. Calculate 
the alternating voltage across the load resistor and the alternating 
component of the anode current in each valve. 

[Ans. 68-6 V; 2°3 mA; 1-1 mA] 


86. (a) Draw the equivalent circuit of a tetrode, including all inter- 
electrode capacitances, with an impedance Z, in the anode circuit. 
Neglecting the grid-anode capacitance, simplify the circuit. 


(6) Draw the equivalent circuit of a pentode, including all 
interelectrode capacitances, with an impedance Z, in the anode 
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circuit. Show that, to a very good approximation, the input 
capacitance is equal to the control-grid/cathode and control- 
grid/screen-grid capacitances in parallel, and that the output 
capacitance is equal to the anode/cathode, anode/screen-grid and 
anode/suppressor-grid capacitances in parallel. 


87. The hybrid parameters of a certain transistor are: 
hy = 35 Q, hg, = —0-976, hg, = 1:0 umhos and hy, = 7 X 1074. 
Calculate the values of 743, P12 Tei Togs % Ter Ty Ve ANd Fy. 
[Ans. 718-2 Q; 700 Q; 976 kQ; 1 MQ; 0-976; 18-2 QO; 
700 Q; ~ 1MQ; 975:3 kQ] 


88. Draw three equivalent circuits which can be used to represent 
the transistor under small-signal conditions. Show how analyses of 
these circuits permit all the elements of the equivalent networks of 
the common-emitter and common-collector circuits to be expressed 
in terms of the elements of the common-base arrangement. 


89. Sketch common-cathode, common-emitter and common- 
collector transistor amplifier circuits and then draw their equivalent 
triode-valve configurations. 


90. Show that the arrangement illustrated, which is frequently 
used as a transistor equivalent circuit, does not, in general, satisfy 
the reciprocity condition. 


I, Te 


Determine the condition that must be satisfied for reciprocity to 


apply. 
[Ans. Z,, = 0] 


91. A transistor has a current amplification factor of 0°96 at low 
frequencies and the alpha cut-off frequency is 5 Mc/s. Determine the 
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current amplification factor at 10 Mc/s and calculate the frequency 
at which the current amplification factor falls to 0-6. 
[Ans. 0-43; 6:25 Mc/s] 


92. The current amplification factor « of a common-base junction 
transistor, operating at a frequency fis given by: 


1 
al IGT) 

where a is the low-frequency value of « and fa, called the alpha 
cut-off frequency, is that frequency where « = %/4/2. . 

Derive a corresponding expression for the current amplification 
factor when the transistor is used in the common-emitter configura- 
tion and give the corresponding cut-off frequency in terms of a 
and fa. 


eit 3 A ies 
| ans. Gn + fay x) | . 


CHAPTER SEVEN 
- ELECTRONIC COMPUTING CIRCUITS 


93. A common-cathode difference amplifier is illustrated in the 
diagram. Draw the equivalent circuit for the arrangement and 
prove that, if 


(Ri, = ru ae 1) <R, 
and (Ri, treet y<R, 


the output voltages e,, and é,, are 


— BR, (e, — &2)/(Ri, + Ri, + 270) 
and LR, (e1 = e2)/ (Ri, et Ri, + 2r a) 


respectively. 
Show also that if e, = 0 and R;, = R,,, the circuit may be used to 
produce push-pull signals from a single source of voltage. 


94. A cascode type of difference amplifier is shown in the diagram. 
Analyse the operation of the circuit and show that the output 
voltage ey = u(e, — e,)/2. 

: 33 
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95. A simple feedback summing amplifier is illustrated in the 
diagram. Show that the output voltage e, is nearly equal to 
— (e, + 2, + eg), if the gain of the stage, as measured between the 
grid and anode terminals of the valve, is high. 


H.T. + 


() 
fd 
INPUT 
VOLTAGES 


96. An arrangement for the addition of voltages in the cathode 
_ Circuit of a chain of identical valves is shown in the diagram. Draw 

the equivalent circuit and apply Millman’s network theorem* to 
show that the output voltage ~ uwe,/n(u + 1) where n is the 
number of stages. 


* J. Millman, ‘A Useful Network Theorem,’ Proc. J.R.E., 28, p. 413, 1940. See 
also, F. A. Benson, Electrical Engineering Problems with Solutions, Spon, 1954, 
pp. 17-18 and pp. 104-109. 
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97. A difference amplifier, an ordinary amplifier of gain A and a 
squaring circuit are connected as illustrated in the block diagram. 
Show that, if A is large, the output voltage e, is kVe, where k is a 
constant. 


DIFFERENCE SQUARING 


cwmeurr «| 


INPUT ey 


AMPLIFIER 


AMPLIFIER 
OF 
Gain A 


98. A difference amplifier, an ordinary amplifier of gain A and a 
multiplying circuit are connected as illustrated in the block diagram. 
Show that, if A is large, the output voltage e, is k e; /e,, where k is a 
constant. 


MULTIPLYING 
CIRCUIT 


DIFFERENCE 


INPUT Gi, INPUT ei, 


AMPLIFIER 


AMPUFIER 
or 
GAIN A 


CHAPTER EIGHT 
RECTIFICATION 


99. A high-vacuum diode, with an internal resistance of 150 Q, 
supplies power to a 1,000-Q load from a 300-V r.m.s. source. Find: 


(a) the mean load current, 
(b) the r.m.s. alternating load current, 
(c) the d.c. power supplied to the load, 
(d) the input power to the anode circuit, 
(e) the rectification efficiency, 
(f) the ripple factor. 
[Ans. (a) 117 mA; (6) 184 mA; (c) 13-8 W; (d) 39-1 W; 
(€) 35:3%; (f) 1-21] 


100. A gas diode, for which the striking and extinction voltages 
may both be taken as 10 V, supplies power in a half-wave rectifier 
circuit to a 1,000-Q load from a 300-V r.m.s. source. Calculate: 

(a) the mean load voltage, 

(b) the d.c. power supplied to the load, 

(c) the input power to the anode circuit, 

(d) the rectification efficiency, 

(e) the ripple factor. 

[Ans. (a) 130 V; (b) 16-9 W; (c) 43-7 W; 
(d) 38-7%3 (e) 1-225] 


101. Calculate the regulation and efficiency for a half-wave rectifier 
circuit, from no load to 80 mA. The transformer r.m.s. secondary 
voltage is 230 V and the internal resistance of the diode is 500 Q. 
Find also the current at which maximum power is obtained. 

[Ans. 40 V; 40-6 to 249%; 103-5 mA] 


102. A full-wave single-phase rectifier employs a double-diode 
valve, the internal resistance of each element of which may be 
assumed constant at 500 Q. The transformer r.m.s. secondary voltage 
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from the. centre tap to each anode is 300 V and the load has a 
resistance of 2,000 Q. Evaluate: 
(a) the mean load current, 
(b) the r.m.s. alternating load current, 
(c) the d.c. output power, 
(d) the input power to the anode circuit, 
(e) the rectification efficiency, 
(/) the ripple factor, 
(g) the regulation from no-load to the given load. 
[Ans. (a) 108 mA; (6) 120 mA; (c) 23-3 W; (d) 36 W; 
(e) 64-38%; (f) 0-482; (g) 54 V] 
103. A moving-iron ammeter and a simple moving-coil ammeter 
are placed in series with the load in a half-wave rectifier circuit. 
The reading on the a.c. instrument is 5 A. What is the reading of the 
other ammeter? 
Calculate the instrument readings if the other half-wave is also 
rectified. Assume sinusoidal waveforms. 
[Ans. 3-18 A; 7-07 A; 6°37 A] 
104. A metal rectifier has the voltage-current characteristic shown. 
A sinusoidal alternating voltage, with a maximum value of 2 V, is 
applied to the rectifier, in series with a non-inductiye resistor of 
value 80Q and a moving-coil ammeter of negligible resistance. 
Calculate the reading of the instrument. 


O72 "Onq o6 


< o-8 bo 
VouTage (V) [Ans. 3-32 mA] 


Current mA) 
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105. The rectifying element of a single-phase half-wave rectifier 
circuit has a resistance of 102 in the forward direction and its. 
resistance in the reverse direction may be taken as infinite. A resistor 
and a capacitor in parallel form the load and the capacitance is so 
great that the voltage across it is practically constant during both 
the charging and discharging periods. The resistance of the load is 
such that current flows through the rectifying element for one-sixth 
of each cycle of the a.c. supply voltage. 

Determine the resistance of the load and the efficiency of rectifi- 


cation. [Ans. 585 Q; 89-4%] 


106. The grid voltage of the thyratron shown in the diagram is 
such that conduction begins 60° after the start of each cycle. 
Calculate: 


(a) the r.m.s. value of the load current, 

(b) the r.m.s. value of the voltage across the thyratron, 
(c) the total power delivered by the a.c. supply. 

The drop in the valve during conduction is 10 V. 


200V ¥.m.s 
(sin usoidat) 


GRID 
SUPPLY 


[Ans. (a) 0-63 A; (b) 155 V; (c) 77 W] 


107. A single-phase full-wave rectifier circuit, employing a single 
L-type filter, is to supply 120 mA at 300 V with a ripple that must 
not exceed 10 V. Design a suitable filter if the supply frequency is 
(a) 50 c/s, (6) 60 c/s. 

[Ans. A 10-H choke and a 4-uF capacitor are suitable in 
both cases] 


108. A full-wave rectifier is used to supply power to a 2,000-Q 
load. Two 20-H chokes and two 16-uF capacitors are available for 
filtering purposes. Calculate, approximately, the ripple factors for 
the following cases: 

(a) one choke only in series with the load, 
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(b) two chokes in series with the load, 
(c) one capacitor only in parallel with the load, 
(d) two capacitors in parallel with the load, 
(e) a single, L-type filter using one choke and one capacitor, 
(f) a single, L-type filter using two chokes in series and two 
capacitors in parallel, 
(g) a double, L-type filter, each section consisting of one choke 
and one capacitor. 
The supply frequency should be taken as (i) 50 c/s, (ii) 60 c/s. 
[Ans. (i) (a) 0-074; (b) 0-037; (c) 0-090; (d) 0-045; (e) 0-0037; 
. ( f) 0-0009; (g) 2:95 x 10-5 
(ii) (a) 0-062; (b) 0-031; (c) 0-075; (d) 0-0375; (e) 0-0025; 
(/) 0-0006; (g) 1-42 x 107°] 


109. Outline the design of a power supply, from a single-phase 
full-wave rectifier, using a 7-section filter, to give a d.c. output of 
250 V at 50 mA and with a ripple factor not exceeding 0-01 %. The 
supply frequency should be taken as (i) 50 c/s, (ii) 60 c/s. 

[There is no unique solution to this problem] 


110. In a full-wave rectifier circuit, employing a 20-H choke in a 
m-section filter, what would be the power dissipated in a resistor R 
which replaced the choke and gave the same ripple factor, with an 
output current of 100 mA? The supply frequency should be taken 
as (i) 50 c/s, (ii) 60 c/s. 

_ Repeat the calculation for the case where the output current is 
only 10 mA. 
[Ans. (i) 125-7 W; 1-257 W; 
(ii) 150-8 W; 1-508 W] 


CHAPTER NINE 
VOLTAGE AND CURRENT STABILIZATION 


111. A stabilized power supply to give 280 V at 40 mA employs a 
‘Stabilovolt’ tube, The tube current at full load is 20 mA and the d.c. 
supply voltage is 420 V. Determine the value of the series resistor. 

Calculate also the variation of output voltage if the input voltage 
vaties by + 5%, and the variation of output voltage if the load 
current varies by + 10 mA. The ‘Stabilovolt’ has four gaps, and the 
impedance of each gap may be taken as 40 Q. 

[Ans. 2,333 Q; + 1-43 V; + 1-6 V] 


112. The d.c. input voltage to a simple glow-discharge stabilizer 
is V,, and the limiting resistor has a resistance R. The resistance of 
the load is Rz. Discuss how the values of V; and R are chosen when 
the tube and load are specified.* 

A certain tube has a maximum allowable current of 40 mA, and a 
minimum specified current of 5mA. The working voltage of the 
tube is 150 V, and may be assumed constant. If the input voltage V; 
varies by 10%, plot curves showing (a) the relation between the 
maximum and minimum values of load current Iz, and Ipmin, if 
Ttmax + [tmin = 30 mA, and (d) the relation between the minimum 
value of V; and (pmax — /tmin)- 


113. Two glow-discharge tubes in series, each having a running 
voltage of 100 V, are connected to a d.c. supply of voltage 400 V. 
They supply a load taking a current of 20mA. The normal tube 
current is 30 mA. Calculate the resistance of the series resistor. 

If the specified current range of each tube is 10 to 50 mA, find the 
range of input voltage over which stabilization is effective, and the 
range of load resistance. 

[Ans. 4 kQ; 320 V to 480 V; 5 kQ to oo] 

114. Derive an expression for the ratio of the percentage change 
of output voltage to the percentage change of input voltage for the 
simple parallel-valve voltage stabilizer shown, if the load resistor 

* Similar calculations can be made for a Zener-diode shunt stabilizer, e.g. see 


J. A. Chandler, ‘The Characteristics and Applications of Zener (Voltage Reference) 
Diodes,’ Electronic Engineering, 32, p. 78, 1960. 
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R, is constant. Hence show that stabilization in such a circuit is 
impossible without a reference voltage and that the larger the value 
of the mutual conductance of the valve the better the stabilization. 

Assume that the valve characteristics are linear and that the 
heater voltage of the valve remains constant. 


+ i 
os 
ourTrpur 
INPUT VOLTAGE 
VOLTAGE { 
Vi = 


“ 2 [kana 
v | R\(uRs — rq) 
: “ i | ra( Re a Rs) 


V; 


115. The equivalent circuit of a series-valve stabilizer is illustrated. 
Find the change in output voltage for a 10% change of input voltage 
if Ry = 10kQ, R, = 1 MQ, Rz = 16 MQ, V,; = 2,700 V, v = 100 V, 
uw = 300, 7, = 100 kQ and R, = 260 kQ. 

Calculate also the change in a voltage produced by a 10% 
change of R,. 

Make the same assumptions as in the previous problem. 


INPUT OUTPUT 
VOLTAGE VOLTAGE 
Vi ‘4 


[Ans. 14 V; 35 V] 
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116. The diagram shows one form of thermionic-valve voltage 
stabilizer. Derive an expression for the ratio of the percentage 
change of output voltage to the percentage change of input voltage 
of the stabilizer if the load resistor is constant. Hence, show that 
theoretically, perfect stabilization is obtained when 


Rgp,(r, at HyRq) = (Ro + Rg)(Ry + Rs +7 2,) 
where u, and ps, are the amplification factors of valves 1 and 2 


respectively and r, and r,, are the corresponding anode resistances. 
Make the same assumptions as in the previous two problems. 


R 


Rs OUTPUT 


INPUT 
VOLTAGE VOLTAGE 
Ve ] Vo 


ar(REFERENCE 
VOLTAGE) 


— 


[Ans. 1/1 — Av/BV,) 
where A = po{(Ry + Re + R3(Ri +7, a, + M4 Ra) — R,?} 
— Rau(Ry + 7, i My Ry) 
— RyRy + Rs +7 a4) 
and B= Rgpol(rg, + fyRq) — (Re + Rs)(Ra + Re + 1a,)) 
117. The anode voltage V,, the grid voltage V, and the anode 
current J, of a triode are related by the expression 
Va = Mol, — uV, — cry”, 
where c is a constant which is normally small. 
Show that a 10% change of the heater voltage of the triode in 


* See F. A. Benson, G. V. G. Lusher and M. S. Seaman, ‘Variations of Triode 
Characteristics with Heater Voltage,’ Electrical Journal, 151, p. 481, 1953. 
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Question 115 causes the output voltage of the stabilizer to change by 
about 4-2 V (assume that c is originally zero, and that it changes by 
0-8 mA for a 10% change of heater voltage). 


118. The voltage/current characteristic of a certain barretter is 
given by the following figures: 


Voltage (V) ‘ 120 140 


Current (A) ; 0-498 | 0-500 


A number of valve heaters having a total resistance of 100 Q are 
connected in series with this barretter. Find the current through the 
circuit when the input voltage is 200 V. 

When the input voltage changes by + 10% calculate the corres- 
ponding current variation. 

[Ans. 0°5 A; 0-004 A] 


CHAPTER TEN 
AMPLIFIERS 


119. A certain triode operates with an anode voltage of 250 V and 
a grid voltage of — 8 V. The anode current is then 9 mA. If the 
valve is used with a load having a resistance of 10,000 Q, what is the 
value of the supply voltage required ? 
If the h.t. supply voltage is fixed at 430 V, calculate the resistance 
of the load to keep the valve working at the same operating point. 
[Ans. 340 V; 20 kQ] 


120. A voltage amplifier employs a valve operating with an anode 
current of 9 mA and a negative bias of 8 V. Find the value of the 
resistance of a cathode resistor to give the required bias. 

Determine also a suitable value for the cathode by-pass capaci- 
tance, if the signal frequency is (a) 1,000 c/s, or (b) 100 c/s. 

[Ans. 889 Q; 2 uF; 20 uF] 


121. A low-frequency amplifier has a gain of 60 db. The input 
circuit is of 600 2 resistive impedance and the output is arranged 
for a load of 102. What will be the current in the load when an 
alternating voltage of 1 V is applied at the input? 

Express the gain of the amplifier in nepers. 

[Ans. 12:9 A; 6-9 nepers] 


122. A triode valve with an amplification factor of 20 and an anode 
resistance of 8,000 Q is used as an amplifier with an inductive load 
of inductance 0-8 H and resistance 1,000 Q. Determine the gain and 
phase shift of the amplifier at a frequency of 300 c/s and sketch the 
vector diagram of the arrangement. The input voltage is 5 V. 

By calculating the gain and phase shift of the amplifier at a fre- 
quency of 2,000 c/s, show that both frequency distortion and phase- 
shift distortion occur. 

[Ans. 3-92/— 133° 133°; 14-97/— 143-8°] 


123. By analysing the equivalent circuit of the RC-coupled 
amplifier correlate the sinusoidal and pulse responses of the amplifier. 
44 
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124. A triode amplifier operating at a frequency of 10,000 c/s 
has a resistive load of 90,000 Q. Calculate the voltage gain. The valve 
has an amplification factor of 60 and an anode resistance of 40,000 Q. 
The interelectrode capacitances are C,, = 3-0 uF, C,, = 3-0 uF 
and C,, = 3-6 uF. 

Find the gain of this stage when it forms the first section of a two- 
stage amplifier. The two stages are identical. Make any reasonable 


aSSHENPHIONS. [Ans. 41-6; 39-1/160-2°] 


125. Calculate the gain, the input capacitance and the input 
resistance of a triode amplifier when the load is a coil having an 
inductance of 20 mH and a resistance of 2,500 Q, and the frequency 
is 10,000 c/s. The amplification factor of the triode is 20 and the 
anode resistance is 7,700Q. The interelectrode capacitances are 
Coa = 3-4 uF, C,, = 3-4 uF and C,, = 3-6 wuF. 

[Ans. 5:4] — 160-4°; 24-2 uwF; — 2-564 MQ] 


126. A valve with an amplification factor of 80 and an anode 
resistance of 50,000 Q has a load resistor of 100,000 2 connected 
between the anode and the positive h.t. supply terminal. Between 
the cathode and the negative h.t. terminal is a resistor of 2,000 Q 
with a capacitor of 1 wF connected in parallel. An alternating voltage 
v, is applied between the grid and the negative h.t. terminal, and the 
output voltage v, is measured across the anode load. Calculate the 
maximum and minimum values of the ratio »v,/v;. 

At what frequency is the magnitude of v,/v, equal to 0-707 of its 


: ? 
maximum value? [Ans. 53-3; 25-6; 121-2 c/s] 


127. The first stage of a resistor-capacitor coupled amplifier 
employs a valve with an amplification factor of 20 and an anode 
resistance of 7,700Q. The resistance of the load is 50,000Q, the 
coupling capacitor has a capacitance of 0-01 wF, and the grid leak 
(including the resistive component of the input impedance of the 
next stage) has a resistance of 500,000 Q. The input capacitance of 
the next stage is 200 wuF. Evaluate the gain of the stage at inter- 
mediate frequencies. 

Find also the frequencies at which the gain falls to 1/ V2 of its 
intermediate-frequency value and calculate the frequency range 
over which the gain is greater than 14. 

[Ans. — 17:1; 31 c/s; 121,000 c/s; 44 to 84,960 c/s] 
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128. A two-stage resistor-capacitor coupled amplifier is to be 
designed with an overall mid-frequency gain of at least 6,000 and 
with the gain only 5% below the mid-frequency value at a frequency 
of 100 kc/s. Pentodes are available which have 

Cye + Cae = 10°5 wuF 
and g, is 5:2mA/V. It may be assumed that 10 wuF of stray 


capacitance shunts the equivalent circuit of one stage. Determine the 
value of the load resistance required and the actual overall gain at 


mid frequency. [Ans. 17:2 kQ; 7,992] 


129. Draw the equivalent circuit for one stage of an inductor- 
capacitor coupled amplifier, and explain how the TESIMEUEY Tee rOnee 
characteristic of the amplifier may be examined. 


130. By considering an RC-coupled amplifier employing pentodes 
show that it is not possible to increase bandwith without a commen- 
surate sacrifice in gain and vice-versa. 

Calculate the maximum figure of merit (gain x bandwidth) for a 
pentode which has g,,=5:7mA/V, C,,=66muuF and C,,= 
2°6 wmF. 

[Ans. 98-6] 


131. Three non-identical RC-coupled valve amplifier stages are 
cascaded. The bandwidth limits f, and fj for the individual am- 
plifiers are given in the Table below. 


Amplifier | Frequency f, (c/s) | Frequency /2 (kc/s) 


Obtain equations from which the overall bandwidth limits could 
be calculated. 
[See the solution for the equations] 


132. The circuit illustrated provides an anode-load impedance 
that rises with decrease of frequency and can compensate for the 
reduction in gain at low frequencies caused by capacitor C. 
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Assuming that R, and r, are large with respect to R;,, that the 
shunting effect of C and R, on the load is negligible and that R, is 
large compared with the reactance of C, show that if C,R,; = CR, 
the low-frequency gain is independent of frequency. 


133. The circuit illustrates one method of extending the upper 
limit of the frequency range of an RC-coupled amplifier where an 
inductor L counteracts the effect of C, in reducing the load imped- 
ance at high frequencies. 


Analyse the circuit to find a desirable relation between L, C, and Rj. 
[Ans. For best flatness of the response curve 
L=0-414 C,R,? but a single value of L is 
not satisfactory for simultaneous flat gain 
and constant time delay and a compromise is 
necessary.] 


134. Assuming the characteristic curves for a triode valve to be 
equidistant straight lines, prove that the maximum possible anode- 
circuit efficiency for a class-A amplifier, coupled to a resistive 
load through an ideal transformer, is 50%. 

' Show also that the theoretical maximum efficiency for the simple 
series-fed, class-A, power amplifier is 25%. 
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135. A transformer-coupled amplifier has the following constants: 

Amplification factor of valve = 10. 

Anode resistance of valve = 8,000 Q. 

Ratio of secondary to primary turns of transformer = 3. 

Effective leakage inductance of transformer referred to primary 
= 0-5 H. 

Total effective shunt capacitance of transformer referred to pri- 
mary = 1,000 wuF. 

Total effective resistance of transformer referred to primary 
= 15,000 Q. 

Resistance of primary winding of transformer = 3,500 Q. 

Inductance of primary winding of transformer = 70 H. 

Obtain a curve showing how the gain of the amplifier varies with 
frequency. 


136. A triode in an amplifier has an anode resistance of 8,000 Q 
and an amplification factor of 16. It is coupled to the following 
stage by a transformer with a step-up ratio of 3. The secondary 
of the transformer is loaded with a resistance of 450 kQ. Calcu- 
late the stage gain at a frequency where the primary reactance 
is 5 kQ. 

- [Ans. 24-3] 


137. A triode valve operates from a 300-V supply and its load is 
a resistor of 2,000 © coupled through an ideal transformer of ratio 
1:1. When a sinusoidal voltage is applied between the grid and the 
cathode of the valve, the maximum and minimum values of anode 
current are 150 mA and 20 mA. When the alternating grid voltage 
is zero, the anode current is 80 mA. Determine the power delivered 
to the load, the efficiency and the approximate percentage of second- 
harmonic current. 

[Ans. 4:23 W; 0°17; 3°85 %] 


138. Determine the mean current, fundamental gain and second- 
harmonic distortion for a triode valve which has the anode- 
current/anode-voltage characteristics shown in the figure, when it 
is operating with a grid bias of — 8 V, an anode supply voltage 
of 400 V and a load resistor of 8,000Q. The peak input signal 
is 6 V. 
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ANove CurRRENT (mA) 


80 160 240 320 400 
ANODE Vorrace (v) 


[Ans. 13:575 mA; 10-2; 49%] 


139. The anode current of a triode can be expressed as [J, + 
B, + B, cos wt + B, cos 2wt + Bs cos 3wt + B, cos 4wt] when the 
input voltage to the grid is sinusoidal, and of the form v, = V, cos wt. 
Obtain a 5-point schedule by the Espley* method for determining 
B,, B,, Bz, Bz and B, in terms of the anode currents for wt = 0, 
7/3, 7/2, 27/3 and 7. 

[Ans. B, = Umax + 21’ + 21” + Inin)/6 — I, 
B, = Umax + I’ — 1" — Inin)/3 
Bz = Umax — 21, + Imnin)/4 
Bs = (Imax — 21’ + 21” — Imin)/6 
By = Umax — 41’ + 60, — 41” + Ipin)/12 
where Jax, 1’, J, 1” and [,;, are the anode currents 
for wt = 0, 7/3, 7/2, 27/3 and m respectively] 


140. The following figures refer to a certain 25-W triode valve 
which delivers power to a resistive load by means of a choke- 
capacitor coupling. 


Grid voltage V, = 0. 


Anode voltage V, (V) 


Anode current J,(mA) . 


* D.C. Espley, ‘Harmonic Production in Thermionic Valves with Resistive Loads,’ 
Proc. I.R.E., 21, pp. 1439-1446, 1933. 
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Grid voltage V, = — 10:7 V. 


Anode voltage V, (V) 
Anode current J, (mA) 


Grid voltage V, = — 21 V. 


Anode voltage V, (V) 


Anode current J, (mA) 


Grid voltage V, = — 32 V. 


Anode voltage V, (V) 


Anode current J, (mA) 


The h.t. supply voltage is 300 V. Determine the approximate 
resistance of the load for maximum undistorted power output. 
Calculate this maximum value of power and the efficiency. 

[Ans. 1:95 kQ; 4 W; 16%] 


141. (a) Show mathematically that in a push-pull amplifier circuit 
employing two identical valves all even harmonics are suppressed in 
the output. 

(b) Two triodes in a push-pull amplifier each have an anode- 
voltage/anode-current characteristic passing through the quiescent 
point (250 V, 30 mA) which is given by the following figures: 


175 | 200 ; 225 | 250 | 275 | 300 


Anode voltage (V). || 150 325 


Anode current (mA) 


Draw the two curves with one inverted, and then obtain the 
composite characteristic. Find, from the curves, the anode resistance 
at the quiescent point of (i) each valve, (ii) the composite valve. 

[Ans. (i) 2,000 Q:; (ii) 1,000 Q] 


142. Two power triodes, each having characteristics as defined by 
the figures in the following Tables, operate in class-A push-pull. 
Draw the composite characteristics if the quiescent point is at 
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V, = 200 V, V, = — 20 V. Draw also the composite load line for 
an anode-to-anode load of 5 kQ. | 

Determine the power output of this push-pull amplifier when the 
peak input to each valve is 20 V. 


Grid voltage V, = 0. 


Anode voltage. Va (V) 


0 | 40 | 80 | 120 | 160 | 200 | 240 | 280 | 320 


[Ans. = 1-53 W] 


143. (a) Show that the maximum possible efficiency of a class-B 
audio-frequency amplifier, for sinusoidal signals, is 78-5 %. 

(b) A class-B amplifier operates from a 500-V, h.t. supply. The 
relation between the maximum permissible peak anode current 
(in amperes) and the minimum anode voltage is [nay = 107° Vinin- 
If transformer losses are neglected, what is the maximum a.c. power 
which can be obtained, and what is the efficiency? 

(c) Show that for a class-C amplifier where the angle of flow is 
120° the maximum efficiency is 89-6 %. 

[Ans. (b) 31-25 W; 39-3 %] 


144. The anode current in a class-C amplifier may be regarded as 
triangular pulses having a peak value of 2:5 A and an angle of flow of 
90°. The grid voltage varies sinusoidally and the anode-current/grid- 
voltage characteristic is linear. If the h.t. supply is 2-5 kV and the 
r.m.s. current delivered to a 750-Q load is 0-8 A, what is the efficiency 
of the amplifier? 
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If the peak-to-peak amplitude of the anode voltage is 4 kV find the 
instantaneous anode voltage when anode current commences to 


flow. [Ans. 61:9 AS 1,086 V] 


145. A triode valve with an amplification factor of 50 and an anode 
resistance of 30,000Q has for its anode load a parallel resonant 
circuit, of ‘Q’ = 45, which contains a resistor R of 15,000 Q. The 
circuit resonates at 20,000 c/s. A second coil L, is coupled magneti- 
cally to the resonant-circuit coil L, the mutual inductance M between 
the coils being 1 mH. Calculate the voltage between the terminals 
of L, when a voltage of 1 V at a frequency of 20,500 c/s is applied 
between the grid and cathode of the valve. [Ans. 3-485 V] 


146. A pentode in a tuned-amplifier circuit has an anode resistance 
of 500 kQ and a mutual conductance of 5 mA/V. In its anode circuit 
is a 20-wH coil with a ‘Q’ of 50, and this is tuned to parallel 
resonance at 1,592 kc/s. The output voltage is fed to a second stage 
of input resistance 500 kQ through a coupling capacitor of negligible 
reactance. Calculate the gain of the stage at resonance. 

[Ans. 48] 


147. An amplifier has a gain of 20, without feedback. If 10% of the 
output voltage is fed back by means of a resistive negative-feedback 
circuit, determine the actual amplification. [Ans. 6-67] 


148. An amplifier employing a pentode with an amplification 
factor of 1,000 and a mutual conductance of 5 mA/V has a 200-kQ 
load resistor. Calculate the voltage amplification (a) without feed- 
back, (6) with 5% negative voltage feedback. 

Determine also the effective constants of the valve when feedback 
is used. 

{Ans. 500; 19-2; uw’ = 19-6; 7,’ = 3°92 kQ; g,,’ = 5 mA/V] 


149. A certain audio-frequency amplifier has a nominal gain of 
120 and gives an output voltage of 60 V to its output transformer, 
with 10% second-harmonic distortion. How much feedback must 
be used to reduce the distortion to 1%? Find also the additional 
gain required ahead of the feedback amplifier, in order to give the 
same output voltage. 

[Ans. Feedback factor = — 0-075; 10] 
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150. A multistage amplifier, when operated without feedback 
and with normal supply voltage, has a gain of 24,000. When the 
supply voltage falls by 25% the amplification is only 16,000. Show 
that if a negative-feedback potentiometer across the output is used 
to feed back 1/1,000 of the output voltage to the input, the ampli- 
fication is nearly independent of variations in supply voltage. 

[Ans. Gain for normal supply voltage = 960; gain when 
supply voltage falls by 25% from its normal value = 941] 


151. An amplifier employing pentodes with anode slope resistance 
r, and mutual conductance g,, has three identical resistor-capacitor 
coupled stages, each coupling circuit having capacitance C and 
resistance R,. The anode load resistance in each stage is R, A 
fraction 6 of the amplifier output voltage is fed back to the input 
without phase-shift. 

Use Nyquist’s criterion to find the maximum value of 6 which 
may be employed without causing instability. 

Assume that R, and r, are large compared with R,; and neglect 
interelectrode and stray capacitances. 


[Ans. 8/(gR1)*] 


152. Show that the output impedance of a cathode-follower 
stage, which employs a valve with a mutual conductance of 4 mA/V, 
is about 250 Q but the input impedance is high. 


153. Draw the equivalent circuit of the feedback arrangement 
illustrated in the diagram and use Millman’s network theorem* to 
_ find the overall gain. Obtain also, expressions for the output and 
input admittances of the network. If a pentode is used in the circuit, 
for which the anode resistance r, is 1 MQ and the mutual conductance 
2m is 2mA/V, and Y,= Y,=2 x 10*mbho and Y,=0:2 x 
10-§ mho, show that the gain is approximately unity. Under the 
same conditions, prove that the value of the output impedance is 
approximately [2/g,,], and that the input impedance is approximately 
Y;. 


* J, Millman, ‘A Useful Network Theorem,’ Proc. [.R.E., 28, p. 413, 1940. See 
also, F. A. Benson, Electrical Engineering Problems with Solutions, Spon, 1954, 
pp. 17-18 and pp. 104-109. 


5 


54 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


OUTPUT 


INPUT 


Compare the results with the corresponding ones for a cathode 
follower. 
[Ans. Y;( Y, — &m)I 
(4+ ¥ + ¥M%a+ Yi) + ¥(% + ¥, + 8m} = A say, 
where Y, = 1/R, and Y, = 1/r,; 
Y,, =P YAY, le Y, ae &m)l(%1 ae Y, ar Y,); 
Y{¥,+ (1 — AY} + Y,+ YY] 


154. (a) Show that, for an amplifier which possesses voltage feed- 
back, the output impedance is reduced in a ratio numerically equal to 
the voltage gain without feedback. Repeat the calculation for a cir- 
cuit provided with current feedback, and thus prove that the output 
impedance is increased in the same ratio as the reduction in gain. 

(b) Plot a Nyquist diagram* for a single-stage amplifier having 
a resistive load and negative voltage feedback, and investigate the 
stability of the circuit. 


155. A junction transistor has the following constants: rj, = 
550 Q, ry. = 500Q, rey = 1:9 MQ, reg = 2MQ. Determine the 
input resistance of a common-base amplifier stage using this tran- 
sistor as the load resistance varies from zero to infinity. 

If the resistance of the source at the input of the amplifier is zero 
find the output resistance of the arrangement. 
Calculate, also, the maximum possible voltage gain. 
[Ans. 75 to 550 Q; 2°72 x 10° Q; 3,454] 


* See H. Nyquist, ‘Regeneration Theory,’ Bell System Tech. J., 11, p. 126, 1932. 
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156. Derive expressions for the voltage amplification, the current 
amplification, the input resistance, the output resistance and the 
power gain of a common-base transistor-amplifier stage. 


(Tm + 1)Ri : 

Ans. tm FR Fr) bre + RY 

(Tm + Tele + Te + Rd; 

(ro + 7s) — ello + Plo + re + Ri); 

Wm — Ry — Fe) 
7 R,+re th 
(Tm + ry)? R, 

(ry + re + Role — tm + Rt) +r. + RD} 
where r,, r., 7, and r,, are the usual transistor para- 


meters, R, is the internal resistance of the source, 
and R, is the load resistance] 


c 


157. Derive expressions for the voltage and current gains and the 
input and output resistances of the following transistor amplifiers: 


(a) a common-emitter circuit, (6) a common-collector circuit. 
R 
BANG (0)- SS 
LAns. @) ie + rat, + ROG — Tw 
(r, a mle a Ve — lm ae R,) 


r{r, + Rd) 
pn eR, 
(ry + I'm + R,) 
Coy mht+rnt R, 
(b) rR, 


rill, aes Ve ae R,) ar r(t, + Ry’ 
rel re ag re == Tig R,); 


(r, = rmn(o ae R,) 
mhtrt R, 
where r,, 7, r, and r,, are the usual transistor 


parameters, R, is the internal resistance of the 
source, and R, is the load resistance] 


| ars 


56 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


158. A junction transistor whose parameters are rj, = 820Q, 
No = 800 Q, rg, = 1:98 MQ and r.. = 2MQ. is used in a single- 
stage, common-emitter amplifier, with a load resistance of 430 Q. 

Calculate the voltage gain, the current gain and the input resistance. 

[Ans. — 15:2; ~ 99; ~ 2,755 Q] 


159. Derive the following expressions for the common-base 
transistor amplifier: 
a 
hyyhop — hygho, te hy,/R, 
Current gain = hy;/(he2R, + 1) 
(Ayhoe = hypho1) a5 hy,/R, 

Aaa + 1/R, 

where /y3, Ay2, Ay, and hgy are the usual hybrid parameters and R, is 
the load resistance. 


Voltage gain = 


Input resistance = 


160. The hybrid parameters for a common-emitter transistor 
amplifier circuit are hy,’ = 800 Q, hg’ = 47, hy’ = 5-4 X 10-4 and 
hg’ = 80 umhos. The load resistance is 20 kQ. Calculate the voltage 
and current gains. 

[Ans. — 598; 18] 


161. Determine the response of an RC-coupled common-emitter 
transistor amplifier at low and intermediate audio frequencies by 
analyzing the circuit illustrated. 


Draw an approximate high-frequency equivalent circuit for the 
common-base transistor arrangement and show how the high- 
frequency response of an RC-coupled common-emitter amplifier 
may be calculated. 

[See the solution for the response expressions] 
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162. A transistor biasing circuit giving a measure of stabilization 
of the working point is illustrated. Obtain a relationship between the 
stability factor S, the parameters R, and R, and the current ampli- 
fication « of the transistor. 

In a typical case R,=10kQ, R, = 100kQ and a= 0:98. 
Determine S. 


-— 


R, =f R, : 
R, oF (1 ~~ a)R, 


[Ans. S = 


9-2] 


163. A transistor bias stabilization circuit is illustrated. Show 
that the stability factor S is given by (R, + R)/{R, + R,(1 — «)} 
where R, = R,R,/(Ry + Ro). 

In a typical circuit R, = 50kQ, R, = 20kQ, R, = 2:5kQ and 
a = 0-98. Find S. 


— 


[Ans. 6] 


CHAPTER ELEVEN 
OSCILLATORS 


164. A screen-grid valve has a negative anode resistance r, of 
90,000 Q with suitable anode and screen voltages, and it is to be used 
with a coil L of 150 uH and a capacitor C of 500 uwuF capacitance 
to form a dynatron oscillator.* Find the maximum coil resistance R 
to permit oscillation, and the corresponding frequency. 

[Ans. 3-33 Q; 581 kc/s] 


165. A certain triode with an amplification factor of 9 has an 
anode resistance of 11,000 Q when the anode and grid voltages are 
90 V and — 6V respectively, and an anode resistance of 9,000 Q 
when the anode and grid voltages are 135 V and — 9 V respectively. 
A tuned-anode circuit has L = 175 wH, C = 220uuF and R= 
18 Q. The grid coil has an inductance of 60 uH. With the higher 
anode voltage, what coefficient of coupling is required between the 
coils to make the circuit oscillate? How much must the coupling be 
if the anode voltage is dropped to 90 V and the bias adjusted 
accordingly ? 

[Ans. 0-228; 0°237] 


166. A triode, with an amplification factor of 8 and an anode 
resistance of 6,000 Q, has a tuned anode circuit of L = 200 wH, 
R= 8Q and C = 0:0005 uF. The grid coil has an inductance of 
35 wH. The maximum available coupling is 40%. To the tuned circuit 
is coupled a tuned aerial having a resistance of 24 Q. Determine the 
maximum permissible mutual inductance between the aerial and the 
tuned circuit if oscillations are to be maintained. 

[Ans. 5-94 wH] 


* A point-contact transistor is capable of operation in a negative-resistance oscil- 
lator. Although this has rather limited application the analysis is frequently given as 
it is instructive, e.g. see L. M. Krugman, Fundamentals of Transistors, 2nd Revised 
Edition, Rider and Chapman and Hall, 1959 or J. D. Ryder, Electronic Fundamentals 
and Applications, 2nd Edition, Pitman, 1960. 
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167. Using a certain triode, having an amplification factor of 5 
and an anode resistance of 1,800 Q, it is desired to generate a fre- 
quency of 25 c/s in a tuned-anode circuit. Two coils, each of 0-6 H 
inductance and 11Q resistance, are available, the maximum 
attainable coupling between them being 32%. Can the required 
oscillations be produced with this arrangement? 

What is the lowest frequency at which the circuit will oscillate? 

[Ans. No; 48-3 c/s] 


168. A triode, with an amplification factor of 9 and an anode 
resistance of 11,000Q, has a tuned-grid circuit with constants of 
values L = 180 wH, R = 26Q and C = 0-0012 uF. The coil in the 
anode circuit has an inductance of 50 wH and a coupling of 30% to 
the grid circuit. Will the circuit oscillate? 

[Ans. No] 


169. Determine approximately the condition necessary for main- 
taining oscillations in a tuned-grid circuit, using a triode with an 
amplification factor of 10 and an anode resistance of 10,000 Q, 
when the tuning capacitance is 0-01 uF and the grid-coil resistance 
is 100 Q. 

[Ans. Mutual inductance = 1 mH] 


170. Prove that for all valve oscillators 
[Z + r,/(. + wN)] = 0 

where Z is the vector impedance of the whole external circuit 
connected between the anode and cathode of the valve, N is the 
complex ratio [V,/V,] between the grid and anode voltage vectors, 
pis the amplification factor of the valve and r, the anode resistance 
of the valve. 

Use this theorem to determine the frequency of oscillation of a 
simple tuned-anode oscillator. Determine also the condition neces- 
sary for continuous oscillation. 


[Ans. — Oy ea mL a =(L+r,RC)/u (R, L and Care 


the ne circuit constants, and M is the mutual 
inductance between grid and anode coils)] 


171. In a certain Hartley oscillator the inductance of each coil is 
20 mH and the capacitor has a capacitance of 0-1 uF. Determine the 
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frequency of oscillation if there is no mutual inductance between 
the coils. Neglect losses. Find also the coefficient of coupling which 
will reduce the frequency to 2 ke/s. 

[Ans. 2-517 ke/s; 0-584] 


172. In a class-A Hartley oscillator the two sections of the coil 
have inductances of 45 mH and 15 mH, the latter being in the grid 
circuit. The capacitor has a capacitance of 0-2 uF. The amplification 
factor of the valve is 20. Neglecting losses, calculate the critical 
mutual inductance for maintaining oscillations. 

[Ans. 13-42 mH] 


173. In a class-A Hartley oscillator the two sections of the coil 
have inductances L, and L, and resistances R, and R, respectively, 
the latter being in the grid circuit. The capacitor has a capacitance 
of C. The mutual inductance between the sections of the coil is M. 
The amplification factor of the valve is u and the anode resistance of 
the valve is r,. Derive expressions for the frequency of oscillation, 
and the condition for continuous oscillations. 


[Ans. 
Ce 
mL Cant ty +24 + Gt BEN Fo) — eM! 


(ra + RR + Re)—O*(L, —uM) (Ly + Ly + 2M) + Ly — ¢M)/C 
= R,(R, — #R,) — o(L, + ML, + M — wl, — uM) 
where w = 27f] 


174. The coil in the tuned circuit of a Colpitts oscillator has an 
inductance L and a resistance R. The two capacitors have capaci- 
tances C, and C,. The valve has an amplification factor w and an 
anode resistance r,. Determine the frequency of oscillation, and the 
condition for steady oscillations. 


1 J 1 | 1 1 \; 
[Ans. f = w/27 = aN LNG + Gq (1 + R/r,)}> 
(1 + p)o®C,C, = rR + L/C]] 
175. A triode valve has a coil in its anode circuit of inductance 


L, and resistance Ry. In the grid-cathode circuit of the valve is a 
second coil of inductance L, and resistance R,. There is no magnetic 


PROBLEMS 176-177 61 


coupling between the coils, but a capacitor of capacitance C is 
connected between the anode and grid of the valve. The valve has 
an amplification factor » and an anode resistance r,. Determine the 
condition for maintenance of oscillations in this circuit, and the 
corresponding frequency. Neglect valve-electrode capacitances. 


ans r(Ry + Re) + RRL + w) + Lp/C = wo L,L,(1 + 4); 


f= oda = # 1 + Rolra 
2a N CL, + Ly + (Ril, + Rely) + »)/ral 


176. A crystal-oscillator circuit is illustrated. Determine the 
frequency of oscillation if the equivalent circuit of the crystal is 
assumed loss-free. os 


[ans = fA [LA G+ Glee + Cu 
clea 1+ (+ CIC,a)/e 
where L, C and C;, are the crystal constants] 


177. In a certain Wien-bridge type of oscillator* the frequency- 
selective network employs 120,000 resistors and 0-001-uF capaci- 
tors. Find the frequency of oscillation. [Ans. 1,326 c/s] 


* A good account of such oscillators is given by T. P. Flanagan, ‘Resistor-Capacitor 
Oscillator Design,’ Marconi Instrumentation, 3, p. 82, May, 1952. An oscillator using 
the Wien-bridge Network and valves has been described by F. E. Terman, R. R. Buss, 
W. R. Hewlett and F. C. Cahill, ‘Some Applications of Negative Feedback with 
Particular Reference to Laboratory Equipment,’ Proc. I.R.E., 27, p. 649, 1939. 

The ladder phase-shift networks were first fully described by E. L. Ginzton and 
L. M. Hollingsworth, ‘Phase-shift Oscillators,’ Proc. I.R.E., 29, p. 43, 1941. 

Complete circuit diagrams of some transistor R-C ocsillators of the Wien-bridge 
type and employing ladder networks have been given in the Mullard Reference 
Manual on Transistor Circuits, 1st Edition, 1960. 
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178. A three-section ladder phase-shift oscillator* has three 
similar phase-advancing sections, each consisting of a 100-kQ 
resistor and a 0-0005-uF capacitor. Calculate the frequency of oscilla- 
tion, and show that the attenuation ratio of the network is 29. 

[Ans. 1,300 c/s] 


179. Repeat the calculation of Question 178 for a similar oscillator 
having three phase-retarding sections. 
[Ans. 7,800 c/s] 


180. A fourth similar section is added to the phase-shift network 
of Question 178. Calculate the new frequency of oscillation and the 
attenuation ratio of the network. 

[Ans. 2,663 c/s; 18°39] 


181. Show that the period of oscillation of the simple discharge- 
tube relaxation oscillator of the type illustrated is 
CR log, {(V — V.)(V — V,)} 


where V, is the striking voltage of the tube and V, is the extinction 
voltage. 


182. A glow-discharge tube relaxation oscillator is supplied at 
200 V. The striking and extinction voltages of the tube are 160 V 
and 120 V, respectively. Calculate the resistance to be used with a 
0:04-uF capacitor for a frequency of oscillation of 100 c/s. 

Determine also the percentage change in frequency if the supply 
voltage drops by 1%. 

[Ans. 360°7kQ; — 3-66%] 


* See footnote on p. 61. 
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183. In a certain thyratron relaxation oscillator the capacitor has 
a capacitance of 0-01 uF and the resistor has a resistance of 500 kQ. 
The supply voltage is 250 V. The thyratron has a control ratio of 30 
and its extinction voltage is 20 V. Find the grid bias required to give 
an oscillation amplitude of 100 V. 
What is the period of oscillation under these conditions? 
[Ans. — 4V; 2°83 x 10-3 sec] 


184. In a symmetrical multivibrator each valve has an anode 
voltage of 110 V with the coupling capacitor removed, and the 
static cut-off grid bias is 20 V with full anode voltage. The h.t. supply 
voltage is 250 V. Calculate the frequency of oscillation when each 
capacitor has a capacitance of 0-005 wF and each grid resistor has a 
resistance of 50 kQ. [Ans. 1,027 c/s} 


185. Determine the beat frequency when a signal of 300-m 
wavelength is combined with the output of a 1-3-Mc/s oscillator. 

If a second signal of 400-m wavelength is now received to what 
frequency must the oscillator be tuned to provide the same beat 


9 
frequency as before? [Ans. 300 ke/s; 1,050 ke/s] 


186. A voltage source with a frequency range of 50 to 10,000 c/s 
is required. Calculate the ratio of the maximum/minimum values of 
capacitance required (a) in a single feedback type of oscillator, (b) 
using the beat-frequency method, where the oscillator with the 
lower frequency operates at 100 kc/s. [Ans. 4 x 104: 1-2] 


187. Show that for maintenance of oscillations in a transistor 
Colpitts oscillator circuit* 


C,/C, = Fin oe Vm? — 4, — Tmo + rr, Be r.)s 


where C, and C, are the tuned-circuit capacitances and r,, r,, r, and 
rm are the usual transistor parameters. It must be assumed in 
deriving the expression that the frequency of oscillation is given by 


* Transistor feedback oscillators can be designed as equivalents for all the known 
types of valve oscillator and in appearance look very similar to their valve counter- 
parts. Tuned-collector, Hartley, Colpitts and crystal-controlled circuits are some 
examples of transistor devices frequently described in books, e.g. see L. M. Krugman, 
Fundamentals of Transistors, 2nd Revised Edition, Rider and Chapman and Hall, 
1959. R. B. Hurley, Junction Transistor Electronics, Wiley, 1958. W. D. Bevitt, 
Transistors Handbook, Prentice-Hall, 1956. J. D. Ryder, Engineering Electronics, 
Chapter 12, McGraw-Hill, 1957. 
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1/2nVLC and r,<rm, where L is the inductance of the tuned 
circuit. 

Determine, also, the exact frequency of oscillation for the circuit 
and show that changes of the transistor parameters r, and r, are 
important when considering frequency stability. 


[Ans. (1/22)V1/LC + 1/xC,Co, 
where C = C,C;/(C, + C,) and 
X=Plo Thole + ele — Tm] 


188. The essential parts of a Hartley transistor oscillator are as 
illustrated. 


Show that the frequency of oscillation (f) is given by: 


1 1 
at Cee eo 


where k = (r, + re + ole — 1m)> Vos Yoo 7, and r,, being the usual 
transistor parameters. 

Prove, also, that for maintenance of oscillations the oscillator 
requires that: 


(Le = M)|(Ly =e M) ZS ‘nlp = r.) 


CHAPTER TWELVE 
NOISE 


189, Calculate the r.m.s. value of the noise voltage developed 
across a 1,000-Q resistor at a temperature of 17°C in a frequency 
band of 10 Mc/s. 

[Ans. 12°66 nV] 


190. Show that the noisy resistor of Question 189 can be regarded, 
as far as the effect of thermal-agitation noise is concerned, as a 
noise-free resistor in parallel with a generator supplying a constant 
current of 12°66 x 107° A. 


191. Evaluate the r.m.s. component of noise current in a 20-kc/s 
bandwidth due to a random current of 1 mA. 
[Ans. 2°53 x 10-° A] 


192. The emission current of a temperature-limited diode is 
10 mA. Determine the r.m.s. value of the fluctuation components of 
the current in a 20-kc/s bandwidth. 

[Ans. 7-98 x 10-® A] 


193. A resistor of R, ohms is placed in parallel with a capacitor 
of C farads. Find the noise voltage across the combination in the 
frequency band 0 to oo. 


[Ans. VkT/C where k is Boltzmann’s constant and T 
is the absolute temperature] 


194, It is convenient to interpret the noise in a triode as being 
due to a noisy resistor in series with the grid of a noise-free valve. 
Calculate the value of this noisy resistor for a triode with a mutual 
conductance g,, equal to 2-6 mA/V. 

[Ans. 961 Q] 


195. The noise of a pentode can be supposed to be due to a noisy 
resistor in series with the control grid of a noise-free valve. Estimate 
the value of this noisy resistor for a pentode in which the anode 

65 


66 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


current is 10 mA, the screen-grid current is 2-5 mA and the mutual 
conductance g,, is 9 mA/V. 
[Ans. 716 Q] 


196. The positive-ion control-grid current in a valve containing 
some gas is 0:01 4A. The mutual conductance of the valve is 
5 mA/V, the anode current is 1 mA and the shunt resistance of the 
grid circuit is 100,000 Q. Calculate the value of the equivalent noise- 
generating grid resistor. 

[Ans. 2,003:2 Q] 


197. A network consists of a resistor R, at temperature 7, in 
parallel with a further resistor R, at temperature 7,. What is the 
maximum noise power per unit bandwidth available from this 
network? Under these conditions calculate the value of the load 
resistance connected across the network. 

[Ans. k(T,R, + T2R,)/(Ri + R2); 
R,R./(R, + R,), where k 
is Boltzmann’s constant] 


198. The following statement often simplifies noise calculations 
on a network when there are several elements present, all at different 
temperatures : 

‘The effective noise temperature of a complex two-terminal net- 
work is equal to the summation over all the elements of the product 
(temperature of element) x (fraction of total power dissipated in 
that element when the network is regarded as a passive load).” 

Verify this statement in the case of a network consisting of two 
resistors R, and R, at temperatures T, and T, respectively when they 
are connected (a) in series, (b) in parallel. The Johnson formula 
may be assumed. 

Use the statement to show that the effective temperature of a 
length 7 of transmission line at temperature 7, terminated by its 
matched load at temperature 7, is 7,{1 — exp(—2a/)}+ 7, 
exp (—2a/) where « is the voltage attenuation constant. 


199, Three resistors, having resistances R,, R, and Rs ohms are 
maintained at temperatures 7,, J, and T; respectively. They are 
initially all connected in parallel. Show, starting from the Johnson 
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noise generated in each resistor, that this parallel combination is 
equivalent to a single resistance R at temperature T where 


R= R,R,R3/ (RR, + RR; + R,R3) 
and T= (T,R.Rg + T2R,R3 + T3R,Re)/(RyRe + RoRz + RRs). 


Calculate the values of R and T if the resistors are now connected 
in series. 
[Ans. Ry + Re + Rg; (TR + TeRe + T3Rs)/(Ry + Re + Rs)] 


200. To perform some noise measurements on a receiver a resistor 
contained in a variable-temperature bath is used to replace the 
aerial. The resistor is matched to the input impedance of the receiver. 
Show that the noise power per unit bandwidth delievered to the 
receiver is kT watts where k is Boltzmann’s constant and T is the 
temperature of the bath. 

The noise output from the receiver is first measured with the bath 
at room temperature (300°K) and is then found to have doubled itself 
when the temperature of the bath is raised to 900°K. Prove that the 
noise figure of the receiver is about 3 dB. 


201. A signal generator whose output impedance is 500 Q is 
calibrated in terms of the power it will deliver to a matched load 
(i.e. the maximum available signal power). It is connected to a 
receiver with a bandwidth of 10 kc/s and whose first stage consists of 
a triode with negligible shot noise and which has a 1 kQ resistor 
connected between cathode and grid. 

What will be the signal-generator reading when it is adjusted so 
that the signal output from the receiver is equal to the noise output? 

The temperature should be taken as 300°K. 

[Ans. 62 x 10-1? W] 


202. A galvanometer is stated by its manufacturer to have a 
sensitivity of 75 mm/uwA. The effective mirror-scale distance is 1 m. 
The specific couple of the suspension is 10~1° newton-m/radian. 

Calculate the r.m.s. deflection due to thermal agitation at 300°K. 
Estimate also the minimum detectable current. 

[Ans. 0:0129 mm; 0-172 muA] 


203. A galvanometer has a 50-turn rectangular coil of area 1 cm?. 
The coil is situated in a radially directed magnetic field of strength 
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1 Wb/m?. The specific couple of the suspension is 10~!° newton- 
m/radian. 

Assuming the usual optical system, calculate the deflection of the 
light spot on a scale one metre distant from the mirror attached to 
the coil when a current of 10-!° A passes through the coil. 

At what current is the deflection equal to the r.m.s. random 
deflection due to thermal fluctuations at a temperature of 300°K ? 

[Ans. 1 cm; 0°129 upA] 


CHAPTER THIRTEEN 


MODULATION, DETECTION AND 
FREQUENCY CHANGING 


204. The tuned circuit of an oscillator in an amplitude-modulated 
transmitter employs a 50-uH coil and a 0-001-uwF capacitor. If the 
oscillator output is modulated up to 10,000 c/s, what is the frequency 
range occupied by the carrier and sidebands? 

[Ans. 702 to 722 kc/s] 


205. The aerial current of a transmitter is 8 A when the carrier 
only is transmitted, but it increases to 8-93 A when the carrier is 
sinusoidally modulated. Find the percentage modulation. 

Determine the aerial current when the depth of modulation is 0:8. 

[Ans. 70%, 9°19 A] 


206. A certain transmitter radiates 9kW of power with the 
carrier unmodulated, and 10-125 kW when the carrier is sinusoidally 
modulated. Calculate the depth of modulation. 

If another audio wave, modulated to 40%, is also transmitted, 
determine the radiated power. 

[Ans. 0-5; 10-845 kW] 


207. Several frequencies simultaneously modulate a carrier. Show 
that the total power of all the sidebands will always be less than half 
of the carrier power. 


208. A signal voltage E, = 1-5 sin (1,000) V and a carrier voltage 
E, = 5 sin (4 x 10®) V are applied to the grid of a triode whose 
anode-current/grid-voltage characteristic can be represented by the 
expression J, = [10 + 2V, + 0-02V,?] mA. Determine the ampli- 
tude and frequency of the various components of the anode current, 
and evaluate the depth of modulation. 

[Ans. I, = 10-2725 + 3 sin 10? + 10 sin (4 x 108) 
— 0:25 cos (8 x 10%) — 0-0225 cos (2 x 10%f) 
+ 0-15 cos (4 x 10® — 10%)t — 0-15 cos (4 x 108 + 10%)¢ mA; 
0-03) 
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209. If a radio-frequency carrier wave is amplitude-modulated 
by a band of frequencies, 300 c/s to 3-4 kc/s, what will be the band- 
width of the transmission and what frequencies will be present in 
the transmitted wave if the carrier frequency is 104 kc/s? 

[Ans. 6°8 kc/s; 100°6 to 103-7 ke/s, 
104 ke/s, 104 to 107-4 ke/s] 


210, A balanced modulator employs two triodes which have 
slightly different characteristics. If their characteristics are i, = 
[, + aV, + b,V,"] and i,, = [I, + aV, + 5,V,?], find the output 
spectrum when the carrier frequency is f, and the audio frequency 


is fy. 
‘ b, — b, 
[Ans. Output = 2aE, sin w,t + ar Sari (E2 + E,?) 


7 (i — by 
2 


Jez cos 2w,t + E,? cos 2,t) 
+ (by + BEE {008 (w, — @,)t — 008 (w, + ,)4}] 


211. The following particulars refer to a certain anode-modulated, 
class-C amplifier: 
D.C. anode-supply voltage, Z, = 2,000 V. 
Average anode current, [, = 200 mA. 
Modulation voltage on the secondary side of the modulation 
transformer, e,; = 1,400 sin 2,000 zt volts. 
Anode-circuit efficiency = 0-8. 
Determine: 
(a) the depth of modulation m, 
(b) the approximate maximum value of the anode-cathode 
voltage of the valve, 
(c) the power delivered by the d.c. supply, 
(d) the power delivered by the modulation transformer, 
(e) the r.f. output power without modulation, 
(/) the r.f. output power with modulation, 
(g) the impedance into which the modulation transformer works. 
[Ans. (a) 0°7; (6) 6,460 V; (c) 400 W; (d) 98 W; 
(e) 320 W; (f) 398 W; (g) 10,000 Q] 


212. A frequency-modulated wave can be represented by the 
expression i = Jsin(ct + Msinat), where M is the frequency- 
deviation ratio, a is the angular frequency of the modulating signal 
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and c is the angular frequency of the carrier. Show that the spectrum 
consists of a carrier and an infinite number of sidebands, all of whose 
amplitudes are various-order Bessel functions of M. 


213. A frequency-modulated wave, resulting from modulation by 
an audio-frequency wave of frequency /, = 5,000 c/s, has a frequency 
deviation of 50 ke/s. If this wave when radiated produces an unmodu- 
lated field of 1 mV/m at a certain point, what is the strength of the 
carrier and the sidebands at the same point when the wave is 
modulated ? 

[Ans. Carrier, 240 uV/m; sidebands, 50 uV/m, 
260 uV/m, 50 vV/m, etc.] 


214. Show that the reactance-valve circuit illustrated, neglecting 
the effect of the alternating anode voltage on the valve current, is 
equivalent to a resistance Ryg = {1 + (RwC)*}/g,, in parallel with 
an inductance Lyp = {1 + (RoC)*}/g,,Rw*C, where g,, is the 
mutual conductance of the valve. 

Find the equivalent resistances and reactances of the circuit for the 
three other combinations of resistance, inductance and capacitance 
elements which may be used for Z, and Z,. 


SCREEN 
VOLTAGE 


TO OSCILLATOR TUNED ciRcUIT 


[Ans. 


21 Cc R L 
Zs: R L R 
Rap | (+ Racy ig _(Roc? (R? + @*L)/g,07L? CR? + @°L7)/8 mR? 


Cap = Bm RCM + ROC Cay = emRLR? + OL) | Lap = 1 + WLP /[g ROL 
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215. A diode detector employs a 220-kQ resistor and a 100-yyF 
capacitor. Calculate the maximum value of the depth of modulation 
if peak clipping is to be avoided, and the maximum modulating 
frequency which the detector is designed to handle is 6,000 c/s. 

[Ans. 0-77] 


216. Show mathematically that additive frequency changing can 
be obtained by applying the signal and oscillator voltages to the 
grid-cathode circuit of a valve with a non-linear anode-current/ 
grid-voltage characteristic; and also show that a valve having two 
control grids can be used as a multiplicative frequency changer. 


217. An amplitude-modulated superheterodyne receiver has an 
intermediate frequency of 465 kc/s and the desired-signal frequency 
is 700 kc/s. Prove that undesired-signal frequencies of 351, 816, 
1,867 and 2,797 kc/s present at the grid of the frequency changer, 
produce 2-kc/s interference whistles if the J,/V, characteristic of the 
valve has a third-power term. 


218. (a) Design an oscillator tuned circuit containing only two pre- 
set components for a receiver covering the frequency band 550 to 
1,500 ke/s, which has to gang with a signal circuit containing a 156-uH 
inductance coil. The intermediate frequency is 465 kc/s. 

(6) Design an oscillator tuned circuit containing three 
preset components for the receiver. ; 
[Ans. (a) Padding capacitance = 288 uuF, 
Tuning inductance = 117-3 wH, 
(b) Padding capacitance = 601 uuF, 
Trimmer capacitance = 36°5 uF, 
Tuning inductance = 77-4 uH] 


CHAPTER FOURTEEN 


MOTION OF ELECTRONS IN ELECTRIC AND 
MAGNETIC FIELDS 


219. An electric field of 104 V/m is parallel with but opposed to a 
magnetic field of 5 mWb/m?. Electrons travelling with a velocity of 
1:19 x 10? m/sec enter the region of the fields at an angle of 30° 
with the direction of the electric field. Determine the motion of an 
electron. 

[Ans. The electron path is helical] 


220. A magnetic field B and an electric field E are at right-angles 
to one another as illustrated. Determine the path of an electron 
which starts at rest at the origin O. 


[Ans. The path is cycloidal: the path generated by a point on the 
circumference of a circle which rolls along the Z axis] 


221. In a certain cathode-ray tube there is a magnetic field of 
0-01 Wb/m? along the axis and an electric field of 10* V/m applied 
to the deflector plates which are 0:02 m long. Calculate how far 
from the axis an electron will be when it leaves the region between 
the deflector plates if it was travelling initially along the axis with a 
velocity of 10° m/sec. 

[Ans. 2:04 x 107? m] 
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222. A magnetic field B of 1 mWb/m? and an electric field E of 
5 kV/m are at angle of 20° with each other as illustrated. Determine 
the path of an electron which starts at rest at the origin. 


[Ans. The projection of the path in the XZ plane is a 
common cycloid] 


CHAPTER FIFTEEN 


TIME BASES AND ELECTRON-BEAM 
DEFLECTION IN CATHODE-RAY TUBES 


223. In the time-base circuit shown the supply frequency is 50 c/s 
and the capacitance of C is 2 uF. Calculate the resistance of R to 
give a circular time base for equal sensitivities of the X and Y plates. 

Repeat the calculation for sensitivities of the X and Y plates 
equal to 0-45 and 0:55 mm/V, respectively. 


X2 x 


INPUT 
Ye 


[Ans. 1,592 Q; 1,946 Q] 


224. In a thyratron time-base circuit the control ratio of the 
valve is 30, and its extinction voltage is 20 V. The grid bias is set at 
— 5 V. The capacitor has a capacitance of 0-01 uF and it is charged 
at a constant rate of 1-5 mA. The output from the circuit is applied 
to a cathode-ray tube which has a sensitivity of 0-8 mm/V. Find the 
length of the time base and the frequency of sweep. 

[Ans. 10-4 cm; 1,154 c/s] 


225. A certain linear time base employs a saturated diode and a 
thyratron. The striking and extinction voltages of the thyratron are 
280 V and 30V respectively, and the diode charging current is 
constant at 5 mA. Find the range of capacitance values required for 
the capacitor if the sweep frequency is to be variable from 20 c/s to 
20 ke/s. 

[Ans. 0-001 to 1 uF] 
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226. A series circuit consisting of a 2,500-Q resistor and a 4-uF 
capacitor is connected to a 300-V d.c. supply. Across the capacitor 
is a glow-discharge tube which is triggered to strike every 20 ms. 
The tube on striking discharges the capacitor completely in a negli- 
gibly short time. Determine the r.m.s. value of the charging current. 

Find also the voltage across the capacitor when the tube strikes. 

[Ans. 60 mA; 260 V] 


227. A cathode-ray tube has plane-parallel deflector plates 1-5 cm 
long spaced 0-3 cm apart. The screen is 20 cm from the ends of the 
deflector plates. Before entering the space between the plates the 
electron beam is accelerated by a voltage of 1,500 V. Determine the 
sensitivity of the tube in volts/cm. Neglect any fringing at the ends 
of the deflector plates. 

[Ans. 28-9] 


228. A cathode-ray tube is constructed with internally-mounted 
plane-parallel magnetic poles 1-5 cm long and the ends of these are 
a distance of 20 cm from the screen. Before entering the field due to 
the poles the electrons are accelerated by a voltage of 1,500 V. 
Determine the sensitivity of the tube in Wb/m?/m. Neglect any 
fringing of the magnetic field. 

[Ans. 0-042] 


CHAPTER SIXTEEN 
KINETIC THEORY OF GASES 


229. Calculate the root-mean-square speed of nitrogen molecules 
(N,) in metres/sec at 273°K and 373°K. Take the mass of a proton 
as 1-67 x 10-*’ kg and the atomic weight of nitrogen as 14. 

[Ans. 492; 575] 


230. What fraction of the molecules per cubic metre in a gas 
have speeds lying within +1% of the most probable speed? 
[Ans. 0-0166] 


231. Show that the distribution function for gas molecules having 
x directed velocity components in the range v, to v, + dv, and with 
any velocity in the y and z directions is: 


i 
aNg= (505 ai) exp (— ae) a. 
= Ne~™ dw|/7 


where w = v,/v, and v, is the most probable speed. 


232. Use the results of Problem 231 to show that the number of 
gas molecules that strike unit area of the container walls in unit 
time with a normal velocity greater than v is Nv,e~°/2/z. 


233. Use the expression given in Problem 231 to show that the 
pressure exerted by a gas on the walls of its containing vessel is 
equal to NkT. 


234. A metal may be thought to consist of a box containing many 
electrons. If these electrons behave like molecules of a gas and 
require an energy greater than ¢ in a direction normal to one face of 
the box to escape from it, show using the results of Problem 232 
that the electron current emission from the box has a temperature 
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dependence of the form AVTe~**? where T is the absolute 
temperature and A is a constant for the metal. 


235. For a gas having a Boltzmann distribution of energies the 
fractional number having energy in the range E to E + dE is given 
by: 

1 3/2 ' oe 
— ae ak, 
os (=) Aes 
Use this expression to determine the most probable energy and the 
mean energy of the system. 

Calculate the temperature to which a gas would have to be raised 
if its mean energy was 1 electron volt. 

[Ans. kT/2; 3kT/2; 7,740°K] 


CHAPTER SEVENTEEN 
CONDUCTION IN GASES 


236. (a) Determine the minimum velocity which an electron must 
have to excite an argon molecule. 


(6) An electron travelling with the same velocity as the one 
in (a) ionizes a mercury molecule by collision. If the 
excess energy is assumed to be shared equally between the 
colliding and liberated electrons, what is the final velocity 
of each? 


(c) The mean free path of an electron in neon gas is 0-079 cm 
at room temperature and a pressure of 1 mm of mercury. 
Find the minimum field strength for an electron, starting 
at rest, to acquire the ionization energy in its mean free 
path. 


(d) A mercury atom is excited to an energy of 7-93 V. It 
returns to the normal ‘ground’ state in two steps, first 
falling to an energy level of 6-71 V and then to zero. 
Calculate the wavelengths of the emitted radiations. 

[Ans. (a) 2:02 x 10® m/sec; (6) 0-459 x 10% m/sec; 
(c) 272 V/cm; (d) 10,160 A; 1,848 A] 


237. A discharge tube, with electrodes 1 cm apart producing a 
uniform field, contains a gas for which 


afp = 15¢~350PlE, 


where p is the pressure in mm Hg and E£ the field in volts/cm. 

Find the maximum multiplication, the pressure at which it occurs 
and the average energy required per ion-pair, if the applied voltage 
is 100 V. 

[Ans. 4-81; 0-29 mm Hg; 64 eV] 
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238. In a discharge tube containing gas at a pressure of 5 mm of 
mercury the following readings of current J and electrode separation 
x were obtained with a constant voltage gradient: 


0-4 0-6 0-8 


3-3 6:0 11:0 200 


Estimate the values of the primary ionization coefficient in the 
gas, the secondary emission coefficient at the cathode and the 
electrode spacing at which breakdown may be expected. 

[Ans. 3/cm; 0-0033; 1:91 cm] 


239. In a uniform-field discharge gap at a certain gas pressure the 
effective value of y for the cathode is 0-02. Breakdown is found to 
occur at 400 V when the gap is 5mm long. Find the value of the 
first ionization coefficient and the multiplication obtained with 
200 V across a 2:5 mm gap in the same gas. 

[Ans. 7:82 cm; 8-06] 


240. In a discharge tube with electrodes 20 cm apart the positive 
column of a glow discharge is about 15cm long and a Langmuir 
probe of effective surface area 0-033 cm? is inserted at a point 12 cm 
from the anode. The following values were obtained for the probe 
potential relative to the anode V, and indicated current J,: 


V, (volts) 


37:0 36°6 


V, (volts) 


Estimate the electron temperature and concentration and find the 
voltage gradient in the plasma if the anode fall of potential is 5 V 
positive. If the random current density is six times the drift current 
density determine the mobility of the electrons in the plasma. 

[Ans. 17,800° K; 3-3 x 104/c.c.; 0-5 V/cm; 
6°8 x 10° cm/sec/V/cm] 


241. A Langmuir probe of surface area 2-5 mm? can draw a 
saturated electron current of 18 mA from a glow-discharge plasma. 
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When the probe is 2:2 V negative to the surrounding plasma the 
electron current is one-quarter of its saturated value. Find the 
electron concentration and temperature. 

[Ans. 2:15 x 1047 m3; 18,200°K] 


242. A cathode-ray tube has an anode voltage of 500 V and the 
distance from anode to screen is 20cm. What is the maximum 
allowable pressure in the tube if not more than 10% of the electrons 
in the beam are to be scattered in their passage from the anode to 
the screen? 

The total collision cross-section for the gas in the tube at a 
pressure of 1 mm of mercury and an energy of 500 eV is 10-"¢ cm?. 
Assume Loschmidt’s number is 2:7 x 10!® molecules/c.c. at N.T.P. 

[Ans. 1-405 x 10-* mm of mercury] 


243. In a pulsed discharge experiment microwave beams of wave- 
lengths 8 mm and 3 cm respectively are directed towards the dis- 
charge tube. It is found that transmission of the beams resumes at 
times 5-7 and 81 psec respectively after the end of the current pulse. 
Estimate the effective recombination coefficient of the plasma. 

[Ans. ~~ 10-8] 


CHAPTER EIGHTEEN 
PHOTOELECTRICITY 


244. (a) Show that for photoelectric emission to be possible over 
the whole visible region, 4,000 to 8,000 A, the work function of 
the photosensitive surface must be less than 1-55 eV. 

Determine the threshold wavelength in the case of a caesium 
surface for which the work function is 1-8 eV. 

(b) Determine the maximum velocity of the emitted photo- 
electrons when a molybdenum surface, having a work function of 
4-3 eV, is irradiated with the mercury line, 2,537 A. 


[Ans. (a) 6,890 A; (5) 4:56 x 10° m/sec] 


245. A photoelectric cell has a semi-cylindrical cathode of radius 
1 cm and an anode of radius 0-05 cm situated along the axis of the 
cathode. It is filled with argon at a pressure of 1 mm of mercury 
for which gas the number of ion pairs produced per cm path of an 
electron is given approximately by Ape~??/7, where A = 13-6, 
B/A = 17-3, p is the pressure in mm of mercury and E is the field 
strength in volts/em. Show that, neglecting fringing effects in the 
electrostatic field, the naperian logarithm of the gas amplification 
factor is given approximately by (V/52)e-*7/", where V is the 
voltage between the electrodes. 


246. Find the sensitivity of a photomultiplier which has six 
stages, if the gain/stage is 5 and the cathode sensitivity is 24 uA/ 
lumen. If the maximum safe output current is 3 mA calculate the 
maximum safe illumination. 


[Ans. 375 mA/lumen; 8 millilumens] 


247. The characteristics of a certain photovoltaic cell are illus- 
trated in the diagram. The cell is placed 91-4cm from a lamp of 
82 


PROBLEM 247 83 


180 c.p. The window area is 19-35 sq. cm. Find the reading of a micro- 
ammeter, having a resistance of 600 Q, which is connected to the cell. 
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[Ans. 120 uA] 


CHAPTER NINETEEN 
U.H.F. EFFECTS AND U.H.F. VALVES 


248. A valve has a cathode-lead inductance of 10-§ H and a mutual 
conductance of 2 mA/V. What is the component of input conductance 
due to this at a frequency of 200 Mc/s if the input capacitance is 
10 uF? 

[Ans. 316 micromhos] 


249. A cylindrical magnetron has a cathode of radius r, and a 
coaxial anode of radius r, which is maintained at a positive potential 
V with respect to the cathode. A magnetic field is applied parallel 
to the common axis of the electrodes. The critical flux density for the 
electrons just to graze the anode is B,. Assuming that the electrons 
produced at the cathode have zero initial velocities, prove that the 
value of B, is given by 


B, = [V8 Vinfe/r(1 —r2lr.*)], 
where m and e are the mass and charge of an electron respectively. 


250. Show that maximum efficiency and maximum output voltage 
of a reflex klystron cannot be obtained together. 


251. A schematic diagram of a klystron is shown. The effect of the 
superimposed buncher alternating voltage on the accelerating voltage 
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V,, is to give the electrons a speed v. Assuming that the buncher grids 
are very close together show that the velocity of an electron beyond 
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the buncher is given by v = V2eV,/m(1 + V, sinwt/V,), and thus 
that the electrons are velocity modulated at the buncher frequency. 
m and e are the mass and charge of an electron respectively. 

If the time of arrival, at the catcher, of an electron that passed 
through the buncher at time 4, is ¢,, show that 


6, = [0, + 6, — k sin 6,] radians 
where 0, = wt, is the departure angle, 0, = wt, is the arrival angle, 
6, = [wl/V/2 eV,/m] and k is the bunching parameter 


[wV,1/2V,V 2 eV,|/m] 


252. Anelectron beam with an average charge density p, is moving 
with a velocity v,. A wave of small amplitude is superimposed, so 
that the charge density and velocity may then be written as p = 
[p, + pye FP? +5] and v = [v, + v,e~?2+4”] respectively. Show that 
the possible values for the propagation constant P are [j(w + w,)/v,], 
where w,, is the electron plasma frequency. 

Hence, explain the operation of a klystron amplifier by supposing 
that a pair of grids, between which there is an alternating voltage of 
known frequency, is placed at the point z = 0 in a uniform electron 
beam. 


CHAPTER TWENTY 
TRANSMISSION LINES AND NETWORKS 


253. Calculate the attenuation constant, the wavelength (or phase) 
constant, the characteristic impedance, the velocity of propagation 
and the wavelength for a line having a resistance of 10-4 Q/mile, a 
capacitance of 0:00835 wF/mile, an inductance of 3-67 mH/mile 
and a conductance of 0-8 micromho/mile at a frequency of 796 c/s. 

[Ans. 0-00785 neper/mile; 0-0287 radian/mile; 711 | — 14° 14’Q; 

174,300 miles/sec; 219 miles] 


254. A line having the constants given in the preceding problem 
is 300 miles long, and is terminated by its characteristic impedance. 
A 2-V generator with an internal resistance of 600 is connected 
to the sending end. Determine the voltage and current at the receiving 
end. 

[Ans. 0-1036/— 499° 30’ V; 0-:0001458/— 485° 16’ A] 


255. Repeat the calculations of Question 253 for the case where 
loading coils, each of resistance 7:3 Q and inductance 246 mH, are 
added at intervals of 7:88 miles. 

[Ans. 0-0036 neper/mile; 0-085 radian/mile; 2,038/— 1° 19’ Q; 
58,800 miles/sec; 74 miles] 


256. Repeat the calculations of Question 254 for the case where 
the line length is reduced to 100 miles and the load impedance is 
(353-5 + 7353-5) Q. 

{Ans. 0°472 V; 944 mA] 


257. An alternating voltage of 10 V and of frequency 1,000 ke/s 
is connected to the sending end of a transmission line which can be 
represented by a resistance of 70Q with a shunt capacitance of 
0-001 uF at the receiving end. An inductive load of inductance 
0-002 H and resistance 100 Q is connected across the receiving end 
of the line. Determine the load current. The internal resistance of 
the supply is 10 Q. 

[Ans. 0°71 mA] 
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258. A transmission line of length / has resistance, inductance and 
leakage conductance per unit length R, L and G. Its capacitance is 
negligible. 

It is short-circuited at both ends and at time t = 0 a voltage 
distribution V = V, sin (zx/I) is set up on it. 

Calculate the subsequent variation of voltage. 

[Ans. V = V, sin (7x/Ne—” 
where y = R/L + z?/LGI*] 


259. A transmission line, of length 5 m, is tested at a frequency 
of 20 Mc/s. When the far end of the line is short-circuited the 
impedance measured at the sending end is 4-61 Q resistive, and when 
the far end is open-circuited the impedance becomes 1,390 Q 
resistive. Calculate the characteristic impedance of the line, the 
attenuation constant in db/m, the velocity of propagation and the 
permittivity of the dielectric. 

[Ans. 80 Q; 0-1; 2 x 108 m/sec; 2-25] 


260. A loss-free transmission line of characteristic impedance 
70 Q is terminated by an impedance R + jX. The standing-wave 
ratio (expressed so as to be a quantity greater than unity) is 2, and 
the position of the first voltage maximum is one-twelfth of a wave- 
length from the termination. Calculate R and X. 

[Ans. R = 800; X = 52Q] 


261. A transmission line of length J, having a propagation con- 
stant P and a characteristic impedance Z,, is terminated in an impe- 
dance Z,. The input impedance is given by: 


Z, cosh Pi + Z, sinh 4 
, sinh P/ + Z, cosh Pl 


Develop from this expression the theory of the cartesian-grid 
form of circle-diagram, for solving transmission-line problems, 
explaining clearly how ‘w’ circles, ‘v’ arcs and ‘n’ arcs are derived. 

Explain, also, how the Smith polar form of transmission-line 
calculator is developed. 


Zi = Z, 


262. A length of transmission line, 0:30 of a wavelength long and 
of characteristic impedance 75 Q, is terminated by an impedance 
Z = (37:5 + j52:5)Q. Use both the cartesian-grid form of circle 
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diagram and the Smith Chart to find the input impedance, assuming 
the line to be loss-free. 
What is the voltage standing-wave ratio existing in the line? 
Determine also the new input impedance for a loss in the line of 
1-15 db. 
[Ans. (31-5 — 741-2) Q; 0-315; (42 — 736) Q] 


263. At radio frequencies the resistance per unit length R of a 
concentric line of copper, with air dielectric, is given by: 


R= 41-6Vf[1/a + 1/b]10-7 Q/m, 


and the characteristic impedance Z, = 138 logy, (b/a) Q, where 
ais the outer radius of the inner conductor in cm, 
b is the inner radius of the outer conductor in cm, 

and fis the frequency in c/s. 

Calculate the input impedance of a quarter-wavelength, short- 
circuited line of this type at a frequency of 500 Mc/s, if 6 = 1 cm 
and b/a = 9-2. 

[Ans. 248,600 Q] 


264. Calculate the value of ‘Q’, for the line in Question 263. 
[Ans. 1,468] 


265. Show that the input impedance of a short-circuited trans- 
mission line is equal to 


[Re(i/A)/2f cos? {27(i/A)} + jZ, tan (27//A)] 


where /// is the line length in wavelengths, fis the frequency, c is the 
velocity of light, Z, is the characteristic impedance and R is the 
resistance of both conductors of the line per unit length. Hence, 
prove that for such a line, where //A is 0-2, the ratio of the selectivity 
of the line reactance to the selectivity of a lumped reactance is 4-28. 


266. Calculate the attenuation and the characteristic impedance, 
at a frequency of 8,800 Mc/s, of an air-filled coaxial line having the 
following properties: 


Diameter of inner conductor = 0-113 cm 

Inner diameter of outer conductor = 0-794 cm 

Resistivity of inner conductor = 1-78 x 10-* ohm-cm 
Resistivity of outer conductor = 65 x 10-* ohm-cm 


[Ans. 0-331 db/m; 117Q] 
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267. Repeat the calculations in Question 266 for a line entirely 
filled with a dielectric having a permittivity of 2-25 and a power 
factor of 0-0004. 

[Ans. 0-977 db/m; 78 Q] 


268. A polythene-filled coaxial cable is terminated with a short- 
circuiting piston, and its input admittance is measured by the 
location of a point of minimum voltage, and the determination of 
the voltage standing-wave ratio, for a measuring line of characteristic 
impedance 75 Q. The resulting admittance circle obtained by moving 
the piston over half a wavelength is as shown. Calculate the attenua- 
tion and apparent characteristic impedance of the cable at this 
frequency. Y, is the characteristic admittance of the slotted line. 


[Ans. 6°55 db; 97°8 Q] 


269. Assuming that the zero-susceptance points were accurately 
located in Question 268, calculate, by using the two-point system of 
Blackband and Brown,* the values of attenuation and characteristic 
impedance which would be obtained by this method of measurement. 

[Ans. 6°60 db; 97-7 Q) 


* See W. T. Blackband and D. R. Brown, ‘The Two-point Method of Measuring 
Characteristic Impedance and Attenuation of Cables at 3,000 Me/s,’ J.LE.E., 93, 
Part Illa, p. 1383, 1946. 
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270. It is desired to connect a transmission line of characteristic 
impedance 75 Q to a load of impedance (150 + j0) Q using a quarter- 
wavelength transformer. Determine the characteristic impedance of 
the transformer for perfect matching. 

[Ans. 106 QJ 


271. A load of impedance (100 + 7100) Q is to be matched to an 
open-wire transmission line of characteristic impedance 500/0Q, 
using a short-circuited stub and a quarter-wave line inserted between 
the 500-Q line and the load. Calculate the characteristic impedance 
of the quarter-wave line, and the minimum length of stub required. 
Assume that the stub and quarter-wave line have the same charac- 
teristic impedance, that the stub is at the load end of the quarter- 
wave line and that the lines are loss-free. The frequency is 100 Mc/s. 

[Ans. 316 Q; 1-23 m] 


272. The diagram shows the arrangement of a double-stub tuner. 
The positions of the stubs on the transmission line are fixed, but the 
lengths /, and /, are adjustable. If the line and stubs have the same 
known characteristic impedance Z,, and the load impedance Z, is 
also known, explain how a Smith Chart can be employed to deter- 
mine the shortest values of J, and /, which will give no reflected wave 
at the point P. 
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273. In a linear passive four-terminal network, the input voltage 
and current, V, and J,, can respectively be expressed in the forms 


where V, and J, are the output voltage and current respectively. 
Find the values of A, B, C and D for the network shown. 


10.2 20N. SON 


INPUT 
VOLTAGE 


>. 


[Ans. A = 20:8, B = 179 Q, C = 0-68 mho, D = 5-9] 


10.2. OUTPUT 
VOLTAGE 


Ve 


274. A symmetrical four-terminal network has an image impe- 
dance of 6002 resistive, and an image attenuation constant of 
0-5 neper. The image phase constant is zero. A resistive load of 
1,000 Q is connected between one pair of terminals, and the other 
two terminals are connected to a generator of e.m.f. 10 V and an 
internal impedance of 200 Q resistive. Determine the current through 


the load. ~ [Ans. 5-44 mA] 


275. Find the frequency at which the output of the twin-T network 
shown is zero, when the input voltage is finite. 


R, = 144R2 Re= STRO 


[Ans. 1,240 c/s] 
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276. (a) Find the values of the resistors of the T-section attenuator 
which will have an iterative impedance of 600 Q and a loss of (i) 
10 db, (ii) 20 db. 


R, R, 


Re 


(6) In an H-type attenuator, matched to a transmission line of 
600-Q impedance, each of the series resistances is 240 Q. Determine 
the attenuation and the value of the shunt resistance. 
[Ans. (a) (i) Ry = 311-8 Q, R, = 421-60; 
(ii) Ry = 491 QO, R, = 1210; 
(6) 19-1 dB; 135 Q] 


277. Open- and short-circuit tests are performed on the four- 
terminal network illustrated. An impedance of (250 + 7100) Q is 
measured between terminals 1 and 2 with terminals 3 and 4 open- 
circuited. With 3 and 4 short-circuited the impedance between 1 and 
2 is (400 + 7300) Q. An impedance of (200 + j0)Q is measured 
between 3 and 4 with 1 and 2 open. Evaluate the impedances of the 
equivalent T-network. 


FOUR-TERMINAL 


NETWORK 


. Z, = (150 + 7300) Q; 
Z, = (100 + 7200) Q; 
Z, = (100 — 7200) Q] 


278. Determine the Z, Y, A, B, C, D and image parameters Z,,, 
Zig and 6 of the network shown. 
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INPUT [Om OUTPUT 
rag 0 8 SN 40 
[Ans. Zu = 6:704 Q, Zi = 1-078 Q, 
Yo, = 0-0126 mho, Yoo —— 0-0784 mho, 
AZO) B = 79-370, 
C = 0-928 mho, Db =12; 
Za = 6°66 Q, Zi2 — 12°84 Q, 
6 = 2:846] 


279. Starting with the equations relating the input voltage and 
current with the output voltage and current of a linear passive 
four-terminal network, show that the transfer matrices of the simple 
circuits (a) and (5) illustrated are given by 


lo a] Ly] 


respectively. 


INPUT OuTPUT INPUT OUTPUT 


o-—______________-9 
(a) (b) 


Hence, show that the transfer matrix of a network which has 
general parameters A, B, C and D, and a load Z, in cascade is 


A+B/Z, B 
C+D/Z, D 
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Use these results to find the voltage gain and the input resistance of a 
common-base transistor amplifier stage in terms of the transistor 
parameters 741, Ty, 2, aNd reg and the load resistance R,. 

TR, 
Ty R, + Mule, — Patan’ 


T — Ty%a/(Tee + R,)] 


[Ans. 


280. Show that the transfer matrices for the arrangements (a), 
(6), (c) and (d) illustrated are respectively, 


aggre 


Ie + Z)Zy2) (2, + Z, + iil 
1/Zyp (1 + Z5/Zy9) ; 


| (1 ++ Zy2/Z) Zy2 | 
{1/Z, + (1+ Z12/Z,)(1/Z2)} (1 + ZyalZ,) i 


(c) (d) 
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281. Use the results of Question 279 to find the ratios V,/V, for 
the circuits shown. 


[Ans. ad ee 
1 — 3w®LC + wtL2C? + joL(2 — w®LC)/\(WL/C + joL]2) 


R, 
(1 — &LC)R, + j2QoL — w*L?cy 


where w = 27 X supply frequency.] 


282(a) Show that the transfer matrix for a combination of two 
four-terminal networks in cascade is equal to the product of the 
transfer matrices of the individual networks. 

(6) Two networks have general A, B, C, D parameters as follows: 


Network 1 | Network 2 


If the networks are connected in cascade in the order 1, 2, show 
that the transfer matrix of the combination is: 


13-5 39-0 
2°92 85]" 
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If the two networks are connected with their inputs and outputs 
in parallel, prove that the resulting admittance matrix is: 


43/44 — 15/44 
pee a aaa 


283. Show that the [Z] and [A] matrices of the symmetrical 
lattice network illustrated are: 


& + Z)/2 (Z_ — Z,)/ | 
(Z, —Z,)/2 (Z, + Z,)/2 


and 


he + Z)[(Zy—Zy) 22, Z,/(Z, — Zy) | 
2/(Z, — Z,) (Z, + Z,)/(Z, — Zy) 


ay +Ih- u 


284. The admittance matrices of the networks (a), (b), (c) and 
(d) illustrated are respectively: 


0 0 Y, 0 
— §&m —I/r, : — §&m — l/r, : 
K + jo(Cyq Zz Ce) — joC,, | 
(JoC oa ae ad = {I/rq + jo(Cyq ss C,)} 


and 


y, 0 
B &ml{1 + Z(m + Ura} — Alrad/{l + Z(8m + uray 
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(a). (by 


() 


Obtain these matrices from first principles. g,, and r, are the 
mutual conductance and the anode slope resistance of the valve in 
each case, Y, = 1/Z, and w = 27 X the frequency. 
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285. Derive the transfer matrices of the various elements of the 
circuit illustrated and then show that the transfer matrix for the 
whole arrangement is: 


(nd +2Z,Y) Zl +2,Y)+2Z,/n 
= ey rein | 


OUTPUT 


CHAPTER TWENTY-ONE 
WAVEGUIDES 


286. State Maxwell’s equations, and use them to derive an expres- 
sion giving the critical wavelength for the H,,,, mode in a rectangular 
waveguide, of internal dimensions a and b cm. 


[Ans. 2/{(m]a)® + (n/b)}+ cm] 


287. Use Maxwell’s equations to derive expressions for the E 
and H components of the two basic types of wave which can be 
propagated in a rectangular waveguide. Sketch the field patterns for 
the normal H,, mode. 


288. Calculate the critical and guide wavelengths in an air-filled 
rectangular waveguide, with internal dimensions 7-62 cm x 2°54 cm, 
for the normal H,, mode at a frequency of 3,000 Mc/s. 

[Ans. 15:2 cm; 13-3 cm] 


289. Derive expressions for the field components of both the E 
and H waves in a circular waveguide, and show that the critical 
wavelengths for the E, and H, modes are 2-61a and 1-64a respectively, 
where a is the guide radius. 


290. A cylindrical attenuator, operated in the E, mode at 
1,000 Mc/s, is required to provide 100 db attenuation over a 10cm 
length. Calculate the radius of the cylinder required. 

[Ans. 2:06 cm] 


291. Calculate the attenuation per metre in an air-filled rectangular 
copper waveguide, with internal dimensions 2:54cm x 1-27 cm 
for the H,, mode at a free-space wavelength of 3-1 cm. 

Repeat the calculation for a free-space wavelength of 3-2 cm. 

[Ans. 0:0801 db/m; 0-0814 db/m] 


292. Repeat the working of Question 291 for a copper guide with 
internal dimensions 7-62 cm x 2:54 cm, at a frequency of 3,000 Mc/s. 
: [Ans. 0-022 db/m] 
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293. A rectangular copper waveguide, with internal dimensions 
48cm x 16cm, carrying the H,, wave is filled with a dielectric 
which has a dielectric constant of 2°55, and a loss angle 6 given by 
tan 6 = 0-0006. Determine the total attenuation per metre, due to 
the losses in the wall metal and the dielectric, at a frequency of 
3,000 Mc/s. 

[Ans. 0-399 db/m] 


294. Calculate the attenuation in an air-filled rectangular wave- 
guide, having internal dimensions 2:54cm x 1:27cm for the Hy 
mode at a free-space wavelength of 3-2 cm, (a) assuming perfectly 
smooth walls, and (b) with surface-roughness coefficients* Kp, = 
1-036, Kp, = 1:067 and K, = 1-049. The resistivity of the wave- 
guide wall metal is 6-266 x 10-* ohm-cm. 

[Ans. (a) 0-157 db/m; (5) 0-165 db/m] 


295. The attenuation in an air-filled rectangular nickel waveguide 
carrying the H,, mode and having internal dimensions 2:54cm x 
1:27 cm, at a frequency of 9,645 Mc/s, is found to be 0-378 db/m. 
The surface-roughness coefficients* are Kp, = 1-119, Kyo = 1-109 
and K, = 1-090. Determine the apparent permeability of the nickel 


at this frequency. 
[Ans. 3-35] 


296. The following information was obtained from standing-wave 
measurements on a short-circuited, low-loss, waveguide component: 

Position of first minkmum = 3-749 cm. 

Position of second minimum = 5:731 cm. 

Distance between two points of equal field strength, on either side 
of a minimum, at which the value of the field strength is K times the 
minimum, is w = 0-088 cm when K* = 2°12. 

Find the guide wavelength, the voltage standing-wave ratio and 
the loss in the component. 

[Ans. 3-964 cm; 15-25; 0-581 db] 


* For definitions of these coefficients see: J. Allison and F. A. Benson, ‘Surface 
Roughness and Attenuation of Precision-drawn, Chemically-polished, Electropolished, 
Electroplated and Electroformed Waveguides,’ Proc. LE.E., 102, Part B; p. 251, 1955. 


CHAPTER TWENTY-TWO 


FILTERS 


297. A constant-k, low-pass filter is designed to cut off at a fre- 
quency of 1,000 c/s, and the resistance of the load circuit is 50 Q. 
Calculate the values of the components required, and the attenuation 
constant per section at a frequency of 1,500 c/s. 

[Ans. L = 15:92 mH; C = 6°37 uF; 1-928] 


298. (a) In a constant-k, band-pass filter the ratio of the capaci- 
tances in the shunt and series arms is 100:1, and the resonant fre- 
quency of both arms is 1,000c/s. Calculate the bandwidth of the filter. 

(b) A constant-k band-pass filter terminated with a 600-Q re- 
sistor has lower and upper cut-off frequencies of 120 kc/s and 123 ke/s, 
respectively. Calculate, for a T-section, the values of each series 
inductance, each series capacitance, the shunt inductance and the 


shunt capacitance. [Ans. (a) 200 c/s; 
(b) 31-8 mH; 53:9 uwuF; 9°7 wH; 0°177 uF) 


299. A constant-k, high-pass filter is required for a cut-off 
frequency of 2,500 c/s. The resistance of the load circuit is 600 Q. 
Determine the values of the components required. 

[Ans. L = 19-1 mH; C = 0-053 uF] 


300. A wave filter can be built up of either T-sections of the type 
illustrated in diagram (a) or of z-sections as shown in diagram (bd). 
Determine the iterative impedances of the two sections. 


(a) (b) 
[Ans. Zyp = VZ,Zol + Zy/4Zo)3 Zog = 2ZeVZq)(Z, + 4Z2)] 
8 101 


102 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


301. Draw the series-derived T-section and the shunt-derived 
m-section corresponding to the prototype sections illustrated in the 
previous problem. Show clearly how the impedances in the series 
and shunt arms of the derived sections are determined. 


302. Prove that, for a derived low-pass filter, a T-section of which 
is illustrated, the ratio of the frequency for infinite attenuation to the 


cut-off frequency is V1 + Lym/4Lem- 


L./2 Lim/2 


303. Show that the image impedances of the series-derived and 
shunt-derived half sections of a filter are respectively equal to the 
mid-series and mid-shunt iterative impedances of the corresponding 
full sections. 


304. Design a constant-k, low-pass filter to have a cut-off fre- 
quency of 796 c/s and a load impedance of 6002 using (a) a T- 
section, or (b) a 7-section. 

[Ans. (a) Series inductances, 120 mH each, 
Shunt capacitance, 0-666 uF; 

(b) Series inductance, 240 mH, 
Shunt capacitances, 0-333 uF each) 


305. Design an m-derived, low-pass filter to have the same charac- 
teristics as that of the filter in the preceding problem, using (a) a 
T-section, or (b) a z-section. Take m as 0:6. 

[Ans. (a) Inductance of each series arm, 72 mH, 
Inductance in shunt arm, 64 mH, 
Capacitance in shunt arm, 0-4 uF; 

(5) Inductance in series arm, 144 mH, 
Capacitance in series arm, 0°178 uF, 
Capacitance of each shunt arm, 0:2 uF] 


CHAPTER TWENTY-THREE 
AERIALS 


306. Evaluate the radiation resistance of a single-turn circular 


loop with a circumference of a quarter of a wavelength. 
[Ans. 0°77 Q] 


307. Determine the radiation resistance of a dipole aerial 1/12 
wavelength long. 
Find also the directivity of a short dipole. 
[Ans. 5:5 Q:; 1-5] 


308. An aerial having a directivity of 90 is operating at a wave- 
length of 2 m. Calculate the maximum effective aperture of the aerial. 
[Ans. 28-6 m?] 


309. If 100 kW of energy are radiated from an aerial of 100m 
effective height, at a frequency of 60 ke/s, what is the strength of the 
electric field at a distance of 100 km? Assume that no absorption 
effects are present. 

[Ans. 0-03 V/m] 


310. A certain aerial has an effective height of 100m and the 
current at the base is 450 A r.m.s. at a frequency of 40 kc/s. Calculate 
the power radiated. The total resistance of the aerial circuit being 
1-12 Q, determine the efficiency of the aerial. 

[Ans. 56-9 kW; 25-1%] 


311. An aerial array consists of 10 vertical aerials in a straight line 
spaced half a wavelength apart and equally energized in phase. 
Deduce the angular width of the forward beam in the horizontal plane. 

[Ans. 23° 4] 


312. Calculate the voltage induced by a plane wave of field 
strength 0:01 V/m and wavelength 300m in a frame aerial 1m 
square having 12 turns, the plane of the frame being in the plane of 
propagation of the wave. 

[Ans. 25:14 x 10-4 V} 
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CHAPTER TWENTY-FOUR 
MEASUREMENTS 


313. A Schering bridge is used for measuring the power loss in 
dielectrics. The specimens are in the form of discs 0°3 cm thick and 
have a dielectric constant of 2:3. The area of each electrode is 314cm? 
and the loss angle is known to be 9’ for a frequency of 50 c/s. The 
fixed resistor of the network has a value of 1,000 2 and the fixed 
capacitance is 50 uuF. Determine the values of the variable resistor 
and capacitor required. 

[Ans. 4,260 Q; 0-00196 uF] 


314. The diagram shows Anderson’s bridge for measuring the 
inductance L and resistance R of an unknown impedance. Find the 
values of L and R if balance is obtained when Q = S = 1,000Q, 
P = 500Q, r = 2000 and C = 2 uF. 


[Ans. 1-4 H; 500 Q] 


315. The arms AB, AD of a bridge are of inductances L,, L, and 
of resistances R,, R, respectively; the arms DC, BC contain capacitors 
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of capacitances C,, C, and are of resistances R3, R, respectively. 
BD contains the detector and AC a source of alternating voltage. 
Show that the bridge will not be balanced for all frequencies unless 
L,R, = L,Ry, C,Re = C,R,, and either R,Rz; = RR, or Ly = 
C,RoRy. 


316. The series-resistance bridge network is used for the com- 
parison of capacitances. A capacitor of capacitance C, and equivalent 
series resistance p, is compared with a standard air capacitor of 
capacitance 0-023 wF and zero equivalent resistance. When a balance 
is obtained the resistor in series with C, has a value of 11-4Q, and 
that in series with the standard capacitor has a value of 10Q. The 
non-inductive resistors have values of 1,000 Q and 1,250 Q, one end 
of the latter being connected to one side of C,. Calculate p, and C,. 

[Ans. 1-1 Q; 0-0184 uF] 


317. The diagram gives the connections of Hay’s bridge for the 
measurement of large self-inductances. L is the inductance to be 
measured, R, its resistance, C is a variable standard capacitor and 
R,, R; and R, are non-inductive resistors. Balance may be obtained 
by variation of R,, Ry and C. Show that, at balance, 

L = [R,RgC/(1 + w*RPC*)] 
and R, = [R,RgRw?C?2/(1 + w?R2C*)], 
where w = 27 x supply frequency. 


Draw the vector diagram for the network. 
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318. The connections of Heaviside’s bridge, for the measurement 
of self-inductance, are shown in the diagram. The primary of a mutual 
inductometer is in the supply circuit, and the secondary, of self- 
inductance L, and resistance R,, forms one arm of the bridge. The 
coil under test, of self-inductance L, and resistance R,, is placed in 
another arm and non-inductive resistors R, and R, form the remain- 
ing arms. Balance may be obtained by variation of the mutual 
inductance and the resistors R, and R,. Determine the conditions 
for balance. 


[Ans. RRs = RR, and 
RL, + M) = RL, — M)] 


319. One method of measuring 
a small capacitance C, is shown 
in the diagram. C, and Cy, are 
equal high-quality variable air 
capacitors. C3 is a fixed high- 
quality capacitance of much 
smaller value than the maximum 
value of C, (about 1/10 of C,). 
The two following balances are 
obtained: 

(1) With switch S open, and 
with C, at its maximum value, C, 
is adjusted for balance. 

(2) With switch S closed, and 
C, left unaltered, C, is adjusted 
to C,’ to give a new balance. 


PROBLEM 320 107 
~ Prove that 
Cy, = C3(Cy — Cy’)/(Ce’Cy + Cy’Cg — CyCs). 


If R = 1,000Q, C, and C, are 1,000 nuF and C; = 50 wyuF, and 
assuming the variable capacitors are readable to + 5 wuF, with what 
accuracy could a capacitance of 1 wuF be measured? 


[Ans. + 35%] 


320. The circuit illustrated is used to determine the amplification 
factor of a triode. A small alternating voltage is applied from an 
oscillator and resistors R, and R, are adjusted until balance is 
obtained, i.e. until no sound is heard in the earphones. In a 
certain experiment, when the anode current of the valve was 10 mA 
and the grid bias was — 3-4 V, the following values of R, and R, 
were recorded at balance: 


R, (ohms) 1,000 2,000 3,000 5,000 8,000 10,000 


[Ans. 20] 
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321. A triode is incorporated in a bridge network as shown. A 
small alternating voltage is applied from an oscillator, and resistor 
R, is adjusted for balance. In a particular test R, = R, and, with 
the anode current of the valve set to 5-4 mA, R, is 8,000 Q at balance. 
What is the value of the anode resistance of the triode? 


Cc, 
Re — C- 
ae aE 


[Ans. 8,000 Q] 


322. Show that if a resistor R, is connected between the cathode 
and anode of the valve in the circuit given in Question 320 the 
mutual conductance of the valve can be measured. 


323. The connections for an indirect method of measuring the 
conversion conductance (g,) of a hexode valve are shown in the 
diagram. The change-over switch S allows the phase relationship 
between the signal and oscillator voltages to be reversed. Assuming 
that the anode current J, can be represented by the expression 
(a, + a,V51)(5, + 5,V,3), where V,, and V,, are the voltages on 
grids 1 and 3 respectively, prove that g, is given by [(J,, — 1,.)/2V,]. 
V, is the maximum value of the signal voltage, J,, is the mean anode 
current for the in-phase condition of the signal and oscillator volt- 
ages and J,, is the mean current for the out-of-phase condition. 
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H.T. ~ 


OSCILLATOR 


324. The voltage across the horizontal deflector plates of a cathode- 
ray oscillograph is V,sin(wt-+ 6,) and that across the vertical 
plates is V, sin (wt + 6,). Prove that the trace on the screen is an 
ellipse, determine its equation and interpret its meaning. 


325. The phase-angle between two sinusoidal voltages can be 
measured by applying one voltage (maximum value V,) to the vertical 
deflector plates of a cathode-ray oscillograph and the other (maxi- 
mum value V,) to the horizontal plates. These voltages will produce 
deflections on the screen of the tube Y=k,V, and X=k,V, 
where k, and k, are constants which depend on the sensitivity of the 
tube. If voltage V, leads voltage V, by an angle «, an ellipse will 
result which is bounded by a rectangle with sides 2X and 2Y, as 
illustrated. Show that the phase-angle can be obtained from the 
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ellipse in two ways; and derive the expressions sin « = BC/AD and 


sin «% = (2a)(2b)/(2X)(2 Y). 


326. In determining phase-angle by the two methods given in the 
previous problem, an error of + 0-5mm may be introduced at 
either end of each dimension measured. Plot curves showing the 
resultant phase-angle error, as « varies, for values of AD equal to 
40 mm, 70 mm, and 100 mm, suitable for tube screen diameters of 
about 6 cm, 11 cm, and 21 cm respectively. 


327. When harmonics are present in either of the voltage waves 
of Questions 325 and 326, show that additional errors may be 
introduced. For both methods plot curves of the error against 
phase angle when either (a) a 5% positive third harmonic is present 
in the waveform of V, or (b) a 5% positive third harmonic is present 
in the waveform of V4. 


328. The diagram shows the circuit of a simple electronic phase- 
meter. Draw the equivalent circuit of the arrangement and explain 
how the phase angle can be determined. 
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luaF 
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RECTIFIER 
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329. Two sinusoidal voltages of equal frequency are simultaneously 
applied to the two pairs of deflector plates in a cathode-ray tube. 
The co-ordinates (x, y) of the fluorescent spot may be expressed as 
x = sin (0 + ¢) and y = sin 0. Plot the figures traced on the screen 
of the tube for the cases ¢ = 0, ¢ = 30°, d = 60° and ¢ = 90° 
respectively. 


330. Two sinusoidal voltages of unequal frequency are simulta- 
neously applied to the two pairs of deflector plates in a cathode-ray 
tube. The co-ordinates (x, y) of the fluorescent spot may be expressed 
as x = sin (9 + ¢) and y = sin@. Plot the figures traced on the 
screen of the tube for the cases¢ = 0,¢ = 30°, ¢d = 60° and¢ = 90°, 
respectively, (a) when 1 = 2, and (6) when n = 3. 


331. Two sinusoidal voltages of unequal frequency are simulta- 
neously applied to the two pairs of deflector plates in a cathode-ray 
tube. The co-ordinates (x, y) of the fluorescent spot may be expressed 
as x = sin (30 + ¢) and y = sin 20. Plot the figures traced on the 
screen of the tube for the cases 6 = 0, d = 30°, d = 60°, d = 90°, 
¢ = 120° and ¢ = 180°. 


332. Two sinusoidal voltages of unequal frequency are simulta- 
neously applied to the two pairs of deflector plates in a cathode-ray 
tube. The figure traced out on the screen is illustrated at (a). What 
is the ratio of the frequencies of the two applied voltages ? 


112 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


If the figure traced on the screen is that shown at (5), what is then 
the frequency ratio? 


[Ans. (a) 5:2; (6) 7:4] 


CHAPTER TWENTY-FIVE 
MISCELLANEOUS TOPICS 


333. What is the skin depth of current penetration in copper at a 
frequency of 300 Mc/s? 
Repeat the calculation for a frequency of 10,000 Mc/s. 
[Ans. 3:79 x 10-4 cm; 6°56 x 10-5 cm] 


334. What is the skin depth of current penetration in nickel at a 
frequency of 10,000 Mc/s, if the effective permeability of the metal 
is 3 at this frequency? 

[Ans. 8-99 x 10-> cm] 


335. Calculate the inductance of a straight piece of wire 2°54 cm 
long which has a diameter of 0:254 cm. What is the reactance of this 
inductance at a frequency of 500 Mc/s? 

[Ans. 0-014 wH; 44 Q] 


336. The reflected portion of a plane wave, starting in air and 
incident normally on a space filled with a loss-free dielectric of 
relative permittivity 4, is to be eliminated by placing a quarter- 
wavelength plate between the air and the dielectric. Calculate the 
required relative permittivity of the material of the plate. 

[Ans. 2] 


337. Calculate the bandwidth required for a 405-line television 
system with 25 complete pictures/sec and an aspect ratio of 5/4, when 
double side-band transmission is employed. Assume that all the 
lines are actually in use. 

[Ans. 5-13 Mc/s] 


338. In the double-diode clipping circuit illustrated e = 200 sin wt 
volts, E = 2 V, and the frequency is 100 kc/s. Find the time taken 
for the output voltage to rise from — E to + E. 
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R 


OUTPUT 


[Ans. 0-032 us] 


339. Three conductors 1, 2 and 3 are such that 3 encloses 1 and 2. 
The coefficients of capacitance are 911, Joo and q33 respectively, and 
the coefficients of induction are 91, 913 and g.3. Determine the capaci- 
tance of conductor 3 alone. 

[Ans. das — (Gur + 2912 + 422)] 


340. Three similar insulated spheres are fixed at the corners of an 
equilateral triangle. The radii of the conductors are small compared 
with the sides of the triangle. If the spheres are touched in turn by 
another small charged sphere prove that the charges they receive 
are in geometrical progression. 


341. A conductor A is enclosed in a second conductor B. Show 
that A is thereby screened from the effects of a third conductor C 
external to B. 


342. A straight wire of length L is charged with electricity of 
amount q per unit length. This is placed near an earthed conducting 
sphere of radius r. The centre of the sphere is at a perpendicular 
distance s from the wire. The ends of the wire are equidistant from 
the centre of the sphere. Find the charge on the sphere. Assume that 
the distribution of charge on the wire is unaffected by induction. 

[Ans. — 2gr sinh (L/2s)] 


343. A point charge e is held at a distance f from the centre of an 
insulated spherical conductor of radius a which carries a charge Q. 
Prove that the surface density at the point of the sphere most remote 
from the charge e will be zero if Q = [— a? e(3f+ a@/f(f+ a)*]. 
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344. A point charge e is placed at a distance f from the centre of 
an insulated uncharged sphere of radius a. Evaluate the total charge 
on the smaller part of the sphere cut off by the polar plane of the 
point. 


[Ans. — e{1 + a2/f? — V1 — a®/f%/2] 


345. The outer of two concentric spherical conductors of radii a 
and b (b > a) is earthed and the inner is charged to potential V. A 
point charge Q is then placed in the space between the spheres at a 
distance s from the centre. Prove that the charges on the spheres are | 


in the ratio [O/s — Q/b — V] to [Q/a — Q/s + V]. 


346. Laplace’s equation can be written in cylindrical coordinates 
as follows: 
1a (=) 1 @V eV _o 
or r? 062 az 


Given that V is independent of z and varies with 0 as cos 46 
determine the dependence of V on r, given that V0 as r— oo. 
If the radial electric field strength at a radius rp is Ey, what will its 
value be at a radius 27, in the same 0-direction ? 
[Ans. r—4; E,/32] 


347. An infinite parallel-plate capacitor is filled with two infinite 
layers of dielectric each of the same thickness. One of the layers of 
dielectric has a relative permittivity K and no loss, the other has a 
relative permittivity also of K and conductivity o. Show that the 
composite dielectric appears to have an apparent complex dielectric 
constant 2K(K — jo/we)/(2K — jo/we,) where w is the angular 
frequency and é is the permittivity of free space. 


348. An artificial dielectric consists of a cubic array of metal 
spheres 2mm in diameter. The spacing between centres of adjacent 
spheres is 4mm. Calculate the dielectric constant using the Clausius— 
Mossotti formula. [Ans. 1-21] 


349. The dielectric constant of polythene is 2-25. Expanded 
polythene has a density of only 5% of that of polythene. Find its 
dielectric constant using the Clausius—-Mossotti formula. Neglect 
the polarizability of the gas in the voids. 

[Ans. 1-058] 
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SOLUTIONS 


SOLUTIONS 


1, Resonant frequency f, = 1/2aVLC = 1,126 ke/s. 


Q = aL /R = 2nfeL[R = 171. 

1 oL 1 
Impedance Z = R+j (ol ——) = ies ae |i, 
aa md (ox =x) ‘ [ we G aca) 
*, the angle ¢ and magnitude |Z| of Z are given by: ; 


tan d = Ee al and |Z| = RV1 + tan? ¢, 
ie. tand=@Q (2 = “*), 


(2) - ao (2) Saal 


@ sae tan : 
s + freeeey I+ (5 my’ since at resonance w = w, and 


and — = 
. 


tan @ = 0, — only the positive sign has meaning. At the upper 
~ half-power oe w =, tang = 1. 


mot fitgs 


At the lower half-power frequency w = w,, tan¢d = — I. 
a e3 
w, 29° N** 48 
In this case, Q = 177, so fj = == = 1,129 ke/s 
oa OR 
and h= on 1,122 ke/s 


; L, 
2. Imax = 344 mA so Ws = 243 mA. 


Bandwidth at Ina,/“2 = 16 ke/s. 
 O=f,|(16 x 10%) = 884 x 108/(16 x 10%) = 5525, 
R = 5]Imax = 5 X 108/344 = 14-53Q, 
119 
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L = RQ/w, = 14-53 x 55-25/(27 x 884 x 108) H = 144-5 uH, 


C = 1/4n?f2L = 1/{40? x (884 x 108)? x 144-5 x 10-%} F, 
= 224 uF. 


3. Let the resistance, inductance and capacitance be R ohms, 
L henrys and C farads respectively. 
The impedance of the parallel combination 


1 
Sai ae (ac) _L | 1 —jRioL. | 
1 | CR (ok 1 \| 
a al aed (z = =a) 


At what is often taken as resonance, Z is a pure resistance and 
sz] -[Fe aca 
ot} LR @,CRI 


] R 
eee = 2nf,. 


FF 


1 fl 1 4-82 
a In N 88 x 10-® x 375 x 10-2 ~—- 882 x 10-2 as 
= 876-4 kc/s. 
4. V = I[(ifjoL + joC + 1/R). 


1 
V has a maximum value equal to ZR when wC = —, i.e. when 
ape w 
w = 1/VLC = a, say. 


1 
V drops 3 db from its maximum value when wC — “an + 1/R 


and the corresponding angular frequencies are w, and ws, 

where W/o, — 0,/W, = — 1/w,CR 

and @,/o, — w,/w, = + 1/@,CR. 

By comparison with the solution to Problem 1 the Q factor is seen 
to be w,CR = R/w,L. 


5. Using the solution to Problem 1 it is seen that 


Q = a,|(@, — a). 
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. Q = i 2@, =< r) = ,/ 2(@, oo We). 
In this case Q ~ 2m Xx 10°/2(27 x 5 x 10%) = 100. 


It is easily shown that the parallel resonant impedance Z = L/CR, 
1.€. 
Z = Q/w,C = 100/(27 x 10° x 200 x 107%) Q = 79-6 kQ. 


6. The impedance-frequency curve for the circuit will have a 
maximum value of R at some frequency. The bandwidth is the 
difference in cycles between the two frequencies at which the impe- 


dance is R/‘2 and can be shown* to be 1/27CR. 


Here bandwidth = 250 x 10° c/s, C = 50 x 10-" F 
so R = 12,740Q. 


7. In reducing circuits such as (a) and (5) to that of (c) the rules 
that determine the values of Z,, Z, and M are: 

(1) Z, =impedance measured between primary terminals of actual 
circuit when secondary is opened. 

(2) Z, = impedance measured by opening secondary of actual 
circuit and determining the impedance between these open points 
when the primary is open-circuited. 

(3) M is determined by assuming a current J flows in the primary 
circuit. The voltage which appears across an open-circuited secon- 
dary is then + jwMI. 


For circuit (a) applying the above rules: 
Z,y = joL, + Lm), Z, = jo(Le + Ly), Jol, = joMI. 
coefficient of coupling = L,,/ V (Ly + Lin)(Le + Lm): 
For circuit (5): 
Zp = (Cy + C,,) [oC Cn, Z, = (Co + Cy) lOC2Cy, jIlwC,, = joMI. 
coefficient of coupling = VC,C2/(Cy + Cn)(Cy + Cy). 


8. Impedance reflected into the primary circuit from the secondary 
by mutual coupling = w*M?/Z,. 
Primary current J, = E/(Z, + w*M?/Z,). 


* E.g. See L. B. Arguimbau and R. B. Adler, Vacuum Tube Circuits and Transistors, 
Wiley, 1956, p. 249. 
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Voltage induced in secondary = — jwMTI,. 
Secondary current I, = — jwMI,/Z, = — jwME|(Z,Z, + w?M?). 
Z, = R, + j@L, — \fwC,) = R, + joL (1 — 1a). 
Z, = R, + j@L, — 1fwC,) = R, + joL,(1 — 1/02). 
I, = — joME/{R,R, — (1 — 1/0?)*w?LL, 
+ w®M? + j(1 — 1/a2\(@L,R, + wL,R,)}. 
Dividing the numerator and denominator by w*L,L, and noting that 
O, = oL,/R,, Q, = oL,/R,, M*? = k*L,L, and w = «o,, 
I, = — jEklow,VLgh{? + QQ, — 1 — 1 a2? 
+f — 1/#)(1/Q, + 1/2) 
I, = — joME/[{R, + j@L, — 1/wC,)} 
{R, + j(@L, — 1/wC,)} + w?M?]. 
.. I, reaches a maximum value when the circuits are in resonance 
and w*M? = R,R,. 
For maximum J,, aM = VR,R, = oVL,L,|V 0,0, 
: critical value of k = 1/V'Q,Q,. 


9. k = V300 x 300/60 = 0-2. 
Primary current J, = ae 
> Z+0°M?/Z 
where 
Z = j(@wL — 1/wC) 
= j(2 x 10® x 300 x 10-* — 10¥/2 x 108 x 10%) = 100. 
Secondary current J, = — jwMI,/Z = — j0-273 A. 


10. Input impedance = Z, + w*M?/Z, 


where Z, = (j2m x 108 x 200 x 10-§)Q 
Z, = (100 + j2m x 10° x 20 x 10-*)Q 
and M = (0°1V'200 x 20 x 10-2) H. 


Z, = (61 + 71,2491) Q. 


11. Effective primary impedance (Z,) 
= Ry + f@L, — WoC) + w®M?/{R, + j(wL, — 1foC,)}. 
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_ Substituting the given figures Z, is found to be (718 + 0) Q, 
Effective resistance = 718 Q 


and Effective reactance = 0. 
Primary current = 100/718 A = 0-139 A. 
Secondary current = wM x 0-139/R, = 1-306 A. 


12. With the secondary open-circuited the impedance of the 
1 
primary winding is jwL, + jot, and the resonant frequency f 
1 
= w/2n = 1/20V LC). 
C, = 1/Qz x 500 x 10%)? x 1 x 10-3? F = 101 wy. 


When the secondary is short-circuited the impedance of the primary 
is [joL, + 1/jwC, + w*M*/joL,], and the 
1 


2 | (1, ce 


where C, is the new capacitance. 


resonant frequency = 


*, since the resonant frequencies are the 
same, 


(ZL, — M?/L.)C, = L1G, 
LC, — 10*x 101 x 10-* 
L,— ML,  —-:10-(1 — 0-25) 
*, The change of capacitance = (135 — 101) uwF = 34 wyF. 


i.e. C, = 


F = 135 wuF. 


13. The input impedance = R, + joL, + 1/jwC, + w?M?/Rs. 
When this is purely resistive its value is 
(2 x 10%)? x (10 x 10-)? 


R, + w?M?2/R, = 5+ 0 


= 202-40. 


14. With the currents as shown the equations for the circuit are: 
€; = (R, + jol,)h, — joMI, 
and 2) => (Rg + jwoL,)I, — joMI, 
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Now (R, + joL,) = (60 + 1,885 x 50 x 10-3) Q 
(R, + joL,) = (80 + 1,885 x 70 x 10-8) Q 
—joM = — (j1,885 x 17-75 x 10-8) Q 


al 0° Vv 
ay 
141-4 
and a >=-— 45° V. 
ee 


I, = (0835 — j0-819) A = 1:168/— 45-6° A 
and Ip = (0874 — j0-212) A = 0-903/— 136° A, 


The vector diagram is as shown below: 


15. The two following equations apply: 
e = (R, + joLl,)f, + joMI, 
and e = (Ry + july), + joML,. 
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Writing Z, = R, + jol,, Z, = R, + jo, and Z,, = + jwM, 
e= 2,1, + Zyle 
e = Z,, 1, + Lele. 
“ T, = e(Z, — Zy,)[(ZyZ_ — 2,7) 
and In = e(Z, — Zy)|(Z4Ze — Zn”). 
T=4+h=e2Z,4+ Z, — 2Z,,) (ZZ. — Zn). 
Equivalent impedance 
Z, = ell =(Z,Z_ — Z,,7)[(Z, + Z. — 2Z,,)- 


16. When the coils are in series: 
EZ,+L,+ 2M =2(L-+ M) = 360 mH 
and L,+ L, —2M = 2(L — M) = 40 mH. 
: L = 100 mH and M = 80 mH. 


Using the result of the previous solution the equivalent inductance 
L, of the two coils in parallel is given by: 


oL, = {wll — (+ OMA {{oL, + oly — (+ 20M} 
ie. L, = (L? — M*)/2(L + M) = (100? — 80?)/2(100 + 80) mH 
== 10 or 90 mH. 


17. Using Thévenin’s theorem the circuit to the left of points A 
and B can be replaced by a single e.m.f. acting in series with a single 
impedance. The e.m.f. (e) is the voltage between A and B when the 
network to the right of these points is disconnected. The impedance 
(Z) is equal to that which would be measured looking to the left at 
terminals A and B. 

If the network is opened at A, B the current J, flowing in mesh 1 


= Ef(R, + joly). 

e= —joM,], 
= —j X 2x 108 x 50 x 10-® x 6/(40 + j200) 
= — 2:94/11° 19’ V. 


Also Z = jal, + w®M,?/(R, + joL,) = (jol, + 9:6 — 48) Q. 
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The original circuit therefore reduces to the following: 


Similarly, mesh 4 can be removed by adding an impedance 
w?M,2/(Ry + joL,) = (15:1 — 768) Q in series with L, as shown in 
the following figure: 


For mesh 5 

e = 1,{9-6 — j48 + 15:1 —j68 + Ry + jo(L, + Ls + Ls) + joMsh. 
For mesh 3 

0 = joMsh, + 1,(Rg + jols). 
From these two equations J, is found to be 0-00369/— 64° 6’ A. 


18. The total impedance of the primary loop 
= {(3-4 + 5-1) + jo(55 + 725) x 10-§ — j/w7-6 x 10°} Q 
= (8:5 — 7174) Q since @ = 2m x 50 x 10%. 


SOLUTION 19 127 


The total impedance of the secondary loop 
= {(0'5 + 120) + jw(106 + 450) x 10-§ — jfwC} Q 
where 
1/C = 1/C, + 1/C, = 10®[1/0-0421 + 1/0-0076] 
i.e. total impedance of secondary loop = (120-5 — /320)Q. 
The mutual impedance includes the impedance of the common 
branch and the mutual impedance resulting from M. It is therefore 
J@M + 1/wCs) 
= j(27 x 50 x 108 x 268 x 10-6 
+ 1/2 x 50 x 108 x 0-0076 x 10-8) Q 
= 7503 Q. 
The apparent impedance which the voltage source sees is 
{(8°5 — 7174) — (7503)?/(120-5 — 7320)} Q 
= (271 + 7522) Q. 
Primary current (J,) = 10/(271 + j522) = 10/589/62-6° 
= 0-017/— 62:6°A =~ 


where e is taken along the real axis. 
The current ratio J,/7, = (120-5 — j320)/j503 = 0-679/20°6°. 
s = 0:017/— 62-6°/0-679/20-6° = 00251 | — 83-2° A. 


19. If two coils having inductances L, and L, respectively and a 
mutual inductance M are connected together their joint inductances 
are: . 

(a) In series aiding L, + L, + 2M. 

(5) In series opposing L, + L, — 2M. 

(c) In parallel aiding (L,L, — M*)/(L, + L, — 2M). 

(@) In parallel opposing (L,L, — M)/(L, + Ly + 2M). 

For (a) here joint inductance is therefore 450 wH. 

.. frequency range is 
1/2450 x 10-® x 50 x 107 c/s 


to 1/2%V 450 x 10-§ x 1,000 x 1072 c/s 


which corresponds to a wavelength range of 283 to 1,265 m. 


Similarly, the other ranges are found to be: 
(b) 249 to 1,115 m, (c) 122 to 546 m and (a) 107 to 481 m. 
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20. The impedance Z of the combination 
= ((R + jo) |joC}|(R + jol + 1[joC) 
= (R + joL)(1 — LC — jRwC)/{(1 — oC)? + w?C?Rh. 
The effective resistance is therefore 
R, = RI — wLC)? + w?C?R*t 
and the effective inductance is 
L, = {L(1 — w®LC) — R°C}/{(1 — w*LC)? + w®C?R}. 


Substituting L = 5 x 10°? H, R= 100Q, C=5 x 10°" F and 
w = 27 x 500 x 108, R, = 177Q and L, = 6-67 mH. 


21. Let the inductance and self-capacitance of the coil be L and 
C respectively and let the original frequency be fc/s. 
Then f = 1/2nVL(C + C,) and 2f = 1/2nVL(C + C,) 
where C, = 250 wuF and C, = 55 wyF. 
C, — 4C, = 3C so that C = 10 wyuF. 


22. Apparent mutual inductance M, is approximately* 
M{1 + %(L,C, + LsC,)} 
where L, = 50wH, Ly, = 200uwH, Cy =SmuF, Co = 7 uF, w 
= 2 x 2 x 10° and M = 0-05V'50 x 200 wH. 
‘ M, = 63 wH. 


23. For circuit (a) the impedance 


jl, 
z | 14 2G _ [: — w*L,C, meal 
s joc 1 . joC(L — wL,C,) 
xc; + jal, 


* This is easily proved from first principles but readers may like to look at the 
following: F. K. Harris, Electrical Measurements, Wiley, 1952, pp. 671 and 672; 
S. Butterworth, ‘Capacity and Eddy Current Effects in Inductometers,’ Proc. Phys. 
Soc., 33, p. 312, 1921; L. Hartshorn, ‘The Properties of Mutual Inductance Standards 
at Telephonic Frequencies,’ Proc. Phys. Soc., 38, p. 302, 1926. 
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For circuit (b) the impedance 


1 1 
es Wile He mee 
[pet ated) =] 1 —w*L,C, | 
i i joCl + CC, — oL,C) 
jot t joo, 1" 
If La = Dx 


Cl i=” w*L,C, Sa w*L,C) (1 + - = oC) 
2 


= C(1 — wL,C,)(1 — w*L,C,). 
Equating the w* terms gives 
C=CC/(C+C). ; ; . 


Equating the w* terms gives 


L= I, E + ¢,C’ + CC, + CC’ — £4] 
ame oF Cac 
Substituting for C’ from (1) gives 
Lg = LC, + CPC? . ; ; . (2) 
Equating the terms which do not contain w gives 
GQ+cC=C 
Substituting for C’ from (1) gives 
Cy=C2(C+C,) . , : . (3) 


24. Impedance Z 
= (Rt jol(R + lfjoC(R + joL) + (R + Iljacy} 
= {R?+ L/C + jR@L — 1/wC)}/{2R + j@L — 1foC)}. 
If L/C = R* then Z = R. 


25. 
r+ jol = RjwL|(R + joL) = (joLR® + w*L?R)/(R? + w*L?). 
Equating real and imaginary parts, 
r = w*L?R/(R? + w*L*) and / = LR*/(R? + w*L?). 
R=r-+ @*P/r) and L = 1 + (r?/w?l). 
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26. Let the impedance of the source be Z, = R, + jX,, the load 
impedance Z, = R;, + jX;z, and the voltage of the source V. Then 
the load current J, = V/[(R, + Rr) + j(X% + Xz)I. 

.. the power in the load (W) = R,,. V7/[(R, + Rr)? + (X, + X7)’1. 

If X, is variable, W is a maximum when X; = — X, and W is 
then R,V?/(R, + R,)*. This is a maximum when R,; = R,, 
ie. Wis a maximum when Z,; = R, + jX, = R, —jX,. 


Let the loudspeaker impedance be (R + jX) Q. 
Then the total load on the generator 


_R+sXN- 5), 


R+jxX —j5 
Conjugate of source impedance = (3 — j4) Q. 
(R + jX\—J9) 
= 3 — jf, 
R+jXxX—j5 Jj 


Cross-multiplying and equating real and imaginary parts gives: 
X—3R=-—20 and 3X¥+R=15 
R=75Q and X¥=2°5Q. 


27. For the series circuit 
tan d = 1/wCp, 
where ¢ is the phase angle between current and voltage. 
Power factor, cos $6 = p/Vp? + 1/w®C? ~ wCp. 
For the parallel circuit 
tan d = wCr and cos¢ = 1/V/1 + C®w?r? ~ 1fwCr 
1/@Cr = wCp or w*C*or = 1. 
Here, cos 6 = 0-001, o = 2nf, Cp = 25 x 10-19 so 
JS = 63-7 ke/s. 


28. The vector diagram for the network is as shown. J is the 
current through R and C. 
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(R? + 1/Cw?)¥? = 5,000 yj. : . (d) 
RoC = tan30°°=1/V3 .  . —. (QQ) 
R = 2,500 Q and C = 0-037 uF and V, lags behind V,. 


29. Mesh analysis. 
The equations for the three loops are: 
E = (600 + 600 + 400)/, — j600/, — 400/,. . @d 
0 = — j600/7, + (900 + j600 — j600)J, — (— j600)4, . (2) 
0 = — 4007, — (— /600)J, + (600 + 400 — j600)/; . (3) 
Currents J,, J, and J, can be found from equations (1), (2) and (3) 
using Cramer’s Rule. They are: 
I, = E(83-3 — j35-7)10-, 
I, = E(23-8 + j23-8)10~, 
and Iz = E(47-6)10-. 
: V, = E — 6007, = E(0-499 + j0-214), 
Vz, = 4007, — 4g) = E(0-143 — j0-143), 
and Vz = 600/, = E(0-284). 


Nodal analysis 
The various admittances in the network are: 
Y, = 1/R, = 1-67 x 10-* mho, 
Y, = 1/R, = 1-1 x 10-* mho, 
Y, = 1/R, = 2°5 x 10-° mho, 
Y, = 1/X, = —j1-67 x 10-* mho, 
Y, = 1/X, =/j1-67 x 10-* mho, 
Y, = 1/R, = 1-67 x 10-* mho. 
The nodal equations are: 
E/600 = V,(1-67 x 10-5 + 1-1 x 10-? — 1-67 x 107%) 
— V,(—j1-67 x 10-%) — V,(1-1 x 10-8) ; - (4) 
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0 = — V,{(—j1-67 x 10-8) 
+ Vo(25 x 10-* — j1-67 x 10-8 + a x 10-8) 
—V<jl'67x 10) 2. - oo. BS) 
0 = — V,(1-l x 10) — V,(j1-67 x 10-2) 
+ V(1-67 x 10-8) -+ 1-1 x 10-3 + j1-67 x 10°)... (6) 


Node voltages V,, V. and V, can be found directly from equations 
(4), (5) and (6). They are: 


V, = EO-499 + j0-214), 
V, = E(0-143 — j0-143), 
and V, == E(0-284) 
30. The nodal equations are obtained by simply applying Kirch- 
hoff’s first law at nodes 1 and 2. Thus: 
—E,Y,+ V(X pee ef en Ys) — VV, + Y;) =0 
and —E,Y, + Vo(¥2+ Ya+ Ys + Yo) —Vil¥a + Ys) = 0 


31. The following equation holds for the circuit: 
di», 49 


where i is the current, V is the applied voltage and q is the charge 
on the capacitor. 
piaenieeust task oe 
1 erentiating “at Ta a Zo 
The solution of this equation depends on the relative magnitudes 


Re 
of the constants R, L and C. In this case —. : —— and the solution 
~ 41? [Te 


_,-# ve R? 
i = Ae cos | Apa te 


where A and B are constants. 
Initially when ¢ = 0, i = 0 andg = 0. 


A jeg = ier ge /2 
~ LC 422 a 


V Rt 2 

= e. aL sin fe — Ee t amperes. 

L J 1 R LC 4D 
LC 47 
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Substituting the given circuit values in this expression gives: 
i = 40e— © sin 1,000¢ amperes, 


i.e. the current is oscillatory, of gradually decreasing amplitude 
and of frequency 1,000/27 c/s = 159 c/s. 


CURRENT (A) 
4 
S Oo 


-40 
The current/time curve is plotted from the above expression. 


R? 1 
When R = 10Q, 48 Ee and the solution of the above differential 


equation is: 
_ ft 
i=(At+ Bye 24 
where A and B are constants. 
When t = 0, i = 0 andg = 0. 


es A=V/Land B= 0. 
er 
i= zi? 2 amperes. 


Substituting the given circuit values in this expression gives: 
i = 40,000t e~ 1°” amperes. 


The current/time curve is plotted from this expression. 


-iooot 
L = 40,000t e 


a 


Pn 
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t- ] 


> 
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io 
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R2 
When R = 20Q, : and the solution of the differential 


42 LC 
equation is i = A,e” + B,e™, where A, and B, are constants and 
R 1 
m, and mz, are the two roots of m? +F m + lem 0. 
With the same initial conditions as before 
A, = — B, = V/L(m, — m,) 
V 
and i= Tes (es! — es) amperes. 
Using the given circuit values, m, = — 3,732 and m, = — 268. 


i = 11-54 (e~ 268! _ @ 37824) amperes. 
The current/time curve is plotted from this expression. 


7 ~268t ~3732¢ 
Lm tse (e -e ) 


<$" eae 
Re el 


w 6 
Z4 
ai ee 
° 0-002 0-004 0-006 


Time (SEc) 
32. At any time ¢ after closing the switch the current in the circuit 
(i) is given by: 
di 
Le + Ri = 200 sin 628 = Vsin wt. 
_ The solution of this equation is: 
Rt pe Las 
i=Ae © +4 Vsin (wt —0)/VR?+ wl? 
where A is a constant and tan 6 = wL/R. 
With the given initial conditions 
A = Vsin6/V R? + w?L?. 
_ kt _z .———; 
*, the transient currenti; = Ae 4 =VsinObe «| VR? + w?L? 


and the steady cyclic current i, = V sin (wt — 6)/W/R? + w®L?. 
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Substituting the given circuit values in these expressions: 
i, = 15-52 e— 1 amperes 
and. i, = 15-71 sin (628t — 81°) amperes. 
Thus i,, ig and i can be plotted against ¢ as shown. It is seen that 


after a time corresponding to about three complete cycles of the 
supply voltage i, is small. 


\ 
mime(s echt 


\ 
/TIME (SEC), 
f 


-20 


When R = 0, 0 = 90°, and with the same initial conditions 
i= Vil —cosa@t)/wL, 
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i.e. i never becomes negative; its minimum value is 0. It is also 
seen that the voltage and current values are zero at the same instant. 


33. The following equation 
holds for the circuit: 


L R Cc 
po pa V cos (wt — 8) 
dt c 
where i is the current and q is the 
charge on the capacitor. 
_ @i Rd i 


Vo Vos Cat -8) VOLTS 
Tz 8s (wt — 0 + x2). 
2 


R 1 
In this case —— 472 <7¢ C — and the solution is: 


_ ft 2 
i=Ae "2 cos ( ait 
LC 42? 


Vo 7 
F cos (or 0 +5 — 8) 


ad a ae ee 
—— — “2 2,,,2/7 2 
re ot) + Rot 


Ro/L ' 
oROIP and A,« and @ are constants determined 


(I/LC — o) 
by the initial conditions that when t = 0, i= 0, g =0 and the 
applied voltage is zero. 

Using the given circuit values it is found that 


i = 41-5 e—5% cos (1,000¢ + 173-5°) +- 41-3 cos (628¢ — 6°) amperes 
a iy + ig. 


where tan B = 


The first term is the transient and it has a frequency of 159 c/s. 
It is seen from the graph of this current against time that about 
0:05 sec after closing S its amplitude is less than 10% of its maximum 
amplitude of 41-3 A. 
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RL 
34. In this case —, mE <re¢ C —— and the natural frequency of the circuit 


is the same as the frequency of the applied voltage. 


Proceeding in the same way as in the previous solution it is found 
that 


i = — 800 e~** sin 1,000¢ + 800 sin 1,000¢ amperes 
= hy + ig. 


The i/t, i,/t and i,/t curves are plotted from this expression. 


CURRENT (A) 


A) 


CURRENT, 


(a) 


CURRENT 


2 


: R 1 
35. In this case aa le and the solution of the differential 


equation of Problem 33 is now of the form: 


i= Aem + Bem! 


Vo cy Fl ( 1 »\* 
+ eos (or —0 +5 —B) | (Rox) -- ze~%)- 
Substituting the given circuit values in this expression gives— 


i= Ae N51! 4. Be 868t + 11-4 cos (314t — 0 + 7/2 — 35:3°) 


where A, B and @ are constants depending on the initial conditions. 


3 
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If when t = 0, i=0, g =0 and the applied voltage is at its 
maximum positive value, i.e. 6 = 0, it is found that 


i= — 131-6 e151# 4 125 e-868t + 11-4 cos (314t + 547°) amperes. 

The transient current i, = 131-6 e—1451¢ + 125 e868 amperes, the 
permanent current i, = 11-4 cos (314t + 54-7°) amperes and i can 
therefore be plotted against ¢ as illustrated. 


36. The solution to this problem has been given elsewhere.* 
37. The solution to this problem has been given elsewhere.{ 
38. The solution to this problem has been given elsewhere.t 
39. The solution to this problem has been given elsewhere.§ 


40. Suppose y(t) is a known function of ¢ for values of ¢ > 0. 
Then the Laplace transform j(p) of y(t) is defined as 


5p) = i “emyd =... 


where p is a number sufficiently large to make the integral convergent. 
If a is any number, real or complex, then (p + a) is the Laplace 
transform of e~**y(t). 
Using (1) it is found that if y(t) = t”4/( — 1)!, then p(p) = 1/p”. 
Thus, the transform of e~*t"-4/(n — 1)! is 1/(p + a)”. Similarly, 
using (1) if y(t) = sin at, then (p) = a/(p? + a’). 
Thus, the transform of e~** sin at = a/{(p + 5)? + a®}. 


L For the circuit illustrated, 
I= dQ/dt . . (2) 
+ Also, 
+ 
C Q V(t) L difdt + RI+ Q/C=V (3) 
a 7 The problem is to solve (2) and (3) 
R L. with given initial values, J = Jo, 
Q=Q,att=0 : . 4 


* F. A. Benson and D. Harrison, Electric Circuit Theory, Arnold, 2nd Edition, 
1963, pp. 240-1. 
{ Ibid., pp. 230-2. f lbid., pp. 243-4. § Ibid., pp. 247-9. 
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Forming the subsidiary equations for (2), (3) and (4) in the usual 
way: 
(p+ RI+Q/C=Ih+V. .  . (5) 
Q=I[p+Qip . . . . © 
From (5) and (6) 
(Lp+R+1/Cpl=V+Lh—Q/Cp . . (D) 


If a constant voltage E is applied at t = 0 and J, = Q, = 0, the 
subsidiary equation (7) becomes: 


(Ip+R+i/Cpil=Efp . .  . @&) 
Thus, T= E/L{(p + «)? + 6} : . (9) 
where a= R/2L and fp? = 1/LC — R*/4L? 


The solution of (9) is J = Ete-“/L, when R = 2VL/C. Similarly, 
the transient response of the circuit can be investigated using (7) no 
matter what the form of the applied voltage. 


41. (a) The subsidiary equations are: 
1 
aa eae Sata 
px + (p? + 2p = Xp 


Solving: 
” _ PX + p'(3x9 + 1) + 2 7 1 pRx%— 1) , pRx — 1) 
P(p? + Ip? + 4) 2p 3(p? + 1) 6(p? + 4) 
pus 2x9 — 1 = ed i 
(P+ De +4 3 PI py 
x = $+ 42x — 1) cost + 4(2x9 — 1) cos 2¢ 
and y = 422%) — 1) sin t — 4(2x_ — 1) sin 2t 
(b) The subsidiary equations are: 


a a a 
Zh, sc L, cae f,) = V 
ZI aa I,) = Via pe, V, 
and Z,/, = — V, 
For the valve: 
rola V, or BV, 
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Solving these equations for V, in terms of V gives 
Dx: VZ,Z(ra — Zs) 
“ Z4Z,Z(1 + mw) + (Zy + Z){ZoZ3 + ra(Ze + Zs)} + 1aZaZr 
(c) The subsidiary equations are: 
Lypi, + Mpiz = 6 
Mpi, -+- (cap + Ry + a) = 0 
7 — Mpo 
2° Gh — Mp + BLp + LC, 
e.g. if v = a constant V, 6 = V/p 


Then i. = ee Sees 
; 2° (L,L, — M?)p? + Rol p + Ly/Cz 
— MV 
i, = ————. e- *' sin 
2= BOT, — M3) ee 
RL, Ly 
where ga —— at _ and Bas Saye ge 
XE, M 4 & “cer My 


42. (a) Logarithmic decrement 6 = 7R/wL = R/2fL. 
The frequency f corresponding to a wavelength of 300 m is 1 Mc/s. 


- 6 = 10/(2 x 10% x 150 x 10-8) = 0-033. 


(6) Let the number of oscillations be N. 
Then the amplitude of the Nth oscillation, Iy = I, e~"—™, where 
6 is the logarithmic decrement. 


100 = e4—11 and N = 47. 


43. The natural frequency of free oscillations is 


1 1 R? 
= lo — ya = 478 kes. 


To make the discharge non-oscillatory R must be at least equal 


L 
to 2 Ve ie. 12-1 Q. 
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44, For any waveform which is cyclic, repeating itself at intervals 
of 27, 


f@O=At+asin6+...+a,sinnO+... 
+b,cos6+...+6,cosnO+... 


1 2a 
where A= an Jo JS) ao 
1 Qa 
Q,=—- | f(@)sinn6 do 


77 J0 


2a 
and b, = 2 i) JS@) cos n6 6. 
7/0 
In the case of a half-wave rectifier f(0) = E sin 9 from 0 to 7 and 
J@) = 0 from z to 27. 


VOLTAGE 


ANGLE 


A= =) E sin 0 dO = Er. 

27 Jo 
an = z i E sin 6 sin n0 d6 which is zero except for n = 1 in which 
7 JO 
case a, = E/2. 

| ence 

b= = E sin 6 cos n6 do. 
7 JO 


When 7 is odd, 5, = 0; when n is even b, = — 2E/nx(n? — 1). 
The Fourier expansion is therefore 


Dodi 2 cos =| 
E E + 5 sind = Pe (ie — 1 . 
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The full-wave circuit consists essentially of two half-wave circuits, 
one circuit operates during one half-cycle and the second operates 
during the next half-cycle. Also analysing each half-wave separately 
using the above result it is seen that for the full-wave circuit the 
component fundamentals cancel out, the negative even cosine 
harmonics are coincident, and are therefore present with twice the 
amplitude, and it is evident that the value of the constant term is 
twice the value for the previous case. 

The Fourier expansion for the full-wave case is therefore 


z[2-! > am |. 


T TW n=246... (n? — 1) 


The r.m.s. value = Ex/[4/a? + 16/2?{(1/3)? + (1/15)? +. . .}] 
= Ef/2. 


45. The method of solution is the same as that already given for 
Problem 44 and is therefore not given again here. 


46. The method of solution for the first part of the problem is the 
same as that already given for Problem 44 and is therefore not given 
again here. 

The solution to the second part of the problem can be found 
elsewhere.* 


47. The method of solution is the same as that already given for 
Problem 44 and is therefore not given again here. 


48. The method of solution is the same as that already given for 
Problem 44 and is therefore not given again here. 


49. The solution to this problem has been given elsewhere. t 


* W. H. Middendorf, Analysis of Electric Circuits, Wiley, 1956, Chapter 17. 
t F. A. Benson and D. Harrison, Electric Circuit Theory, Arnold, 2nd Edition, 
1963, pp. 183 and 184. 
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50. The formula for f(t) is: 


f= |" a(werdo 


The relationship between the transform pairs and the Fourier series 
is discussed in many textbooks* 


pa 1 we —jot 
g(o) = =f Fema 
1 


27 Jo 
1 | ea +joyt © 
On L—(a + =i. 
g(w) = 1/27(a + ja) 


For amplifier of complex gain G(w) spectrum is G(w) g(w) and output 
is: 


feo) 
e —(@ TI} 


i.e. 


+ 
Fit)=£ G(o)2(a)ei"“dw 
a0 J—a 


or F(t) =L om ie GLO) aie 
a0 2 J—« (a + jo) 


51. (a) The permissible energy levels W,, may be expressed ast: 
W,, = —(13°6 Z?/n)eV 
where Z is the atomic number of the atom. For a hydrogen atom 
Z=1. 
The lowest energy state (n = 1) for hydrogen is therefore 


—13-6 eV 
When n = 2, W, = —(13-6/4)eV = —3-4eV 
When n = 3, W, = —(13°6/9)eV = —1-51 eV 


When n = 4, W, = —(13°6/16) eV = —0-85 eV 


* See, for example, R. E. Scott, Linear Circuits (complete), Addison Wesley, 1960, 
Chapter 20. 

t See, for example, D. J. Harris and P. N. Robson, Vacuum and Solid State Elec- 
tronics, Pergamon, 1963, p. 61. 
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(b) Energy released = (13-6 — 3-4) eV = 10-2 eV 
Frequency of radiation (/) is given by: 
hf = (10-2 x 1-602 x 101%) J 
72 10:2 x 1-602 x 107% c/s 
6624 x 10-4 
= 2465 x 10 c/s 


52. The conductivity o of a semiconductor is given by*: 


0 = €(Pity + Ny) 
where n = electron density 
p = hole density 
iy, = electron mobility 
4» = hole mobility. 


For an intrinsic semiconductor n = p = n,, where n, is the density 
of holes and electrons/em®. Therefore the intrinsic conductivity 


o; is given by: 
Oo; = en(u, + “,) mhos/cm. 
For germanium 
o, = 1602 x 10-19 x 2:5 x 104(3600 + 1700) 
= 0-0212 mho/cm 


The resistivity 
pi = Ifo, = 1/0-0212 = 47-2 ohm-cm 


For silicon 
o; = 1-602 x 107!® x 1-6 x 10#9(1500 + 500) 
= 5:12 x 10-§ mho/cm 
p; = 1/(5:12 x 10-®) = 195,300 ohm-cm 


53. Neglecting the effect of minority carriers the conductivity 
0, Of n-type material is given by: 
On Nye My 
where Np is the density of donor atoms. 


* See, for example, D. J. Harris and P. N. Robson, Vacuum and Solid State Elec- 
tronics, Pergamon, 1963, Chapter 4. 
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Here Np = 4-4 X 1072/10® = 4-4 x 101%/cm$ 
: 0, 2244 x 1018 x 1-602 x 10-?® x 3600 
cy 25:37 mho/em 
*, resistivity p, ~ 1/25-37 
~~ 0-039 ohm-cm. 


54. Electron density = 4-4 x 101*/cm? 
Hole density = (2°5 x 101)2/4-4 x 1016 
= 1-41 x 10!/cm?. 


55. The drift velocity vp (cm/sec) is proportional to the electric 
field E (volts/cm)* 


i.e. VUp% E 
or Up = WE 
where yu is the carrier mobility in cm?/(volt-sec). 


For germanium 
Drift velocity of holes = 1,700 x 100 = 17 x 104 cm/sec. 


Drift velocity of electrons = 3,600 x 100 = 36 x 104 cm/sec. 
For silicon 

Drift velocity of holes = 500 x 100 = 5 x 104 cm/sec. 

Drift velocity of electrons = 1,500 x 100 = 15 x 104 cm/sec. 


56. The Einstein relation between mobility “ and diffusion 
constant D is: 


D = kTyle 
where k is Boltzmann’s constant and T is the absolute temperature. 
(a) For holes, 
D, = 1:38 x 10-3 x 300 x 1,700/1-602 x 10719 
= 44 cm/sec. 


* See D. J. Harris and P. N. Robson, Vacuum and Solid State Electronics, Pergamon, 
1963, p. 79. 
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For electrons, . 
D,, = 1:38 x 10-3 x 300 x 3,600/1-602 x 10-19 
= 93-1 cm/sec. | 
(6) For holes, 


D, = 1:38 x 10-73 x 300 x 500/1-602 x 10-19 
= 12-9 cm/sec. 


For electrons, 


D,, = 1:38 x 10-73 x 300 x 1,500/1-602 x 10-19 
= 38-8 cm/sec. 


57. The diffusion lengths for holes (L,) and electrons (Z,) may 
be expressed as :* 
L, = VD, t, 
L, = VDp tn 
where D, = diffusion constant for holes 
D,, = diffusion constant for electrons 
ty = average lifetime of a hole 
t, = average lifetime of an electron. 
t, = L,?/D, = (0-1)7/44 = 2-27 x 10-4 sec 
= 227 us 


and t, = L,?/D,, = (0:1)7/93-1 = 1-07 x 10-4 sec 
= 107 us. 


58. The solution to this problem can be found elsewhere.f 


* See, for example, D. J. Harris and P. N. Robson, Vacuum and Solid State Elec- 
tronics, Pergamon, 1963, p. 235. 

Tt See, for example, M. V. Joyce and K. K. Clarke, Transistor Circuit Analysis, 
Addison-Wesley, 1961, p. 9, or D. J. Harris and P. N. Robson, Vacuum and Solid 
State Electronics, Pergamon, 1963, pp. 107 and 243. 
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59. The solution to the first part of the problem can be found 
elsewhere.* 


J = J{exp (eV/kT) — 
exp (eV/kT) — 1 = 5/25 x 10-* = 2 x 105 
(eV/kT) = loge (2 x 105) = 12-21 


= 12:21 x 1:38 x 10-33 x 300 
1-602 x 10- 


V = 0-316 volt 


60. The derivation of the formula can be found elsewhere. The 
formula is: 


Hall coefficient R = (pu? — nu,”)/e(pu, + nu,)* 
(a) For intrinsic material, p = n = n; 


~~ n{u," = [n?) 
en*(Uy + Un)? 


i.e, R= (uy — Mlenduy + Mn) 
(b) For the highly-doped n-type material, n > p 


ras 2 
R=1( rin) = —1)ne 
e\ ru,? Bee it 


61. Let the voltage across the diode be V, and the current through 
the diode 7, mA, 


V,, = 200 — 20 (4 of 1), ie. V, = 150 — 15], 


which is the equation of the load line. 


* See, for example, D. J. Harris and P. N. Robson, Vacuum and Solid State Elec- 
tronics, Pergamon, 1963, pp. 116-118. 
See, for example, W. Shockley, Electrons and Holes in Semiconductors, D. van 
Nostrand, 1956, p. 217. 


Ir 


At the point of intersection of the J,/V, curve and the load line 
I, =3mA. 


62. The static characteristic has been plotted from the given 
figures. 


V,=Vi,t+R . ‘ ; . (d) 
where R, = 2,500 Q. 


If (1) is plotted on the same sheet as the static curve a straight line 
(the load line) results. 

A typical load line (for V; = 40 V) is shown. The point of inter- 
section of the load line with the static curve, P, indicates the current 
flowing. Thus the dynamic curve can be plotted because the current 
is that corresponding to P when the input voltage is 40 V and so 
the first point on the dynamic curve is P’. 
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Hence, when the supply voltage is 50 V the load current is 14-5 mA. 
The voltage across the load = 2,500 x (14:5 x 10-8) = 36-25 V. 

From the static curve and the 50-V load line the voltage across 
the diode is 13-75 V. The voltage across the load is therefore 
(50 — 13°75) V = 36:25 V which agrees with the result already 
obtained. 
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63. If I, = KV," 
1ogi9 Ja = 10849 K + 7 logy Vi. 


Thus, if log, Z, is plotted against log.) V, a straight line should 
result with a slope n and an intercept on the logy, J, axis of logig K. 
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In the present case logy) 7, plotted against logy) V, does give a 


straight line (the plot is not shown) and the slope n ~ 1-14. K is 
found to be ~ 1. 


64. The control characteristic is shown below. 
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65. The control characteristic can be plotted since it passes 
through the point where the anode voltage is 200 V and the grid 
voltage is — 8 V and it has a slope of 35. If this is done it is found 
that when the grid voltage is — 20 V the anode voltage is 620 V 
and when the anode voltage is 340 V the grid voltage is — 12 V. 


66. The control characteristics are as shown. From these, when 


V,, = 400 V, the change in critical grid voltage required is seen to 
be about 2°8 V. 


500 


200 


ANODE VOLTAGE (VY) 


loo 


-10 = ° 
GRID vourace WV) 


67. When the temperature is 40°C and V, = — 4 V, V, = 320 V. 
But V, = 350 sin 6, therefore 0 = sin (320/350) = 66° 5’. 


When the temperature is 70°C and V, = — 4V, V, = 150 V and 
6 = sin (150/350) = 25° 22’. 


68. The effective mutual conductance is the sum of the individual 
mutual conductances since the anode currents add directly, i.e. 
(2 + 5+ 3) mA/V = 10 mA/V. 
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The equivalent anode resistance is obtained by adding the indi- 
vidual anode resistances as one adds resistances in parallel, i.e. 


1/(1/5,000 + 1/4,000 + 1/10,000) Q = 1,818 Q. 
The equivalent amplification factor 
= 1,818 x 10 x 10-3 = 18-18. 
69. Thermionic emission of electrons is in accordance with the 
expression: 
I = AT? e~*!? amps/cm?, 
where T is the absolute temperature. 
For the thoriated-tungsten filament: 
85 x 107°? = 3 x (1,900)? e~ 30,500/1,900 x area : (1) 
For the pure-tungsten filament: 
i X 10-8 = 60-2 x (2,500)? e~5?:400/2,500 x area . (2) 
Dividing (2) by (1): 
i 60:2 x (2,500)? e~5%:400/2,500 


85 3 x (1,900)? e-8080071,000- And i = 21°8 mA. 


70. The formula of the previous solution is used. 


10,000 —_A(2,100)? e—2/2,100 
1 AC,600)? 270.600 @) 


Also, b = 11,600 ¢ where ¢ is the work function . . (2) 

From (1) and (2), 6 = 5 V. 

71. The Child-Langmuir equation for plane-parallel electrodes 
gives* J = 2:34 x 10-6 V,3//d?, where J is the current density in 
amperes/m*, V, is the anode voltage in volts and d is the anode- 
cathode distance. 

Here V, = 200 V, d = 0:2 cm so J = 165 mA/sq. cm. 


72. The current is given by the following expression: 
I= 1-47 x 10-5 V,3/? I/r,8? amperes 


* This equation is proved in many textbooks. For example, see S. Seely, Electron- 
tube Circuits, McGraw-Hill, 2nd Edition, 1958, p. 12, or P. Parker, Electronics, 
Arnold, 1950, pp. 93-6; or K. R. Spangenberg, Vacuum Tubes, McGraw-Hill, 1948, 
pp. 170-1. 

+ For example, see S. Seely, Electron-tube Circuits, McGraw-Hill, 2nd Edition, 1958, 
p. 12, or P. Parker, Electronics, Arnold, 1950, pp. 98-9, or K. R. Spangenberg, Vacuum 
Tubes, McGraw-Hill, 1948, p. 176. 
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where V, is the anode voltage, / is the active length of the valve, r, 
is the anode radius and #* is a quantity that is determined from the 
ratio of anode radius to cathode radius (r,).* 
For the first valve r, = 2mm, /=2cm, r,=0-05mm and 
V, = 25 V. Thus 7,/r, = 40 and f? = 1-0946, 
*, L=17mA. 


For the second valve r; = 0-75 mm, r,/r, = 2°67 and f? ~ 0-45, 
I= 41 mA. 


73. The solution to this problem can be found in many textbooks.t 


74. Power radiated = W'ld = 263-0 x 2 x 0-025 = 13-17 W. 
Resistance = R’'I/d? = 98-66 x 10-® x 2/(0-025)? = 0-3155 Q. 
Filament current = I,’ x d°? = 1,632 x (0-025)°” = 6-45 A. 
Voltage drop = V,’ x I/d'* = 161-1 x 10-3 x cate ae 


Emission current = I,’Id = 2:25 x 2 x 0-025 = 0-1125 A. 


Life for 10% reduction in mass 


_ (“oume x density) poe 
~ \10 x 3,600 x M 
where M = M'ld = 2-76 x 10-8 x 0-025 x 2. 
life is 376 hr. 
‘ Bma—tar+ peat att... 


where « = log, (rq/r,). 

Values of 8? corresponding to various values of the ratio (r,/r;) have been plotted in 
Parker’s book, Fig. 82, and tabulated in Appendix 11 of that book. 

{ E.g. see K. R. Spangenberg, Vacuum Tubes, McGraw-Hill, 1948, pp. 181-2; or 
P. Parker, Electronics, Arnold, 1950, pp. 99-100. 
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75. The energy diagram is obtained from the voltage diagram 
by multiplying each ordinate on (a) by — e. 
From the diagram, x/4 = 2/8 so x = 1cm. 


CATHODE ANODE 


VOLTAGE 


(a) cb) 


76. The current J under the condition of an accelerating field of 


; 4gpu2 , 
E volts/m at the cathode surface is* J, et °*## "IT where I, is the 
zero-field thermionic current and T is the absolute temperature of 
the cathode. 


logie (I/I,) = 0-4343 x 0-44 x (10%)!2/2,600 = 0-07345. 


thus J/Z, = 1-184, which shows that the Schottky theory predicts an 
increase of 18-4% over the zero-field emission current. 


771. (a) The amplification factor « = — 2ra,/a, log, (2 sin 7r,,/a,) 
where a, is the grid-anode spacing, a, is the grid-wire spacing and 
r, is the grid-wire radius. 

Since a, is large compared with r,, 4 ~ 27a,/a, log, (a,/27r,,). 

Now a, = 0°19 cm, a, = 0-127 cm and r,, = 0:0064 cm. 

we 8. 


(6) The amplification factor pw ~ 2zr, log, (r,/r,)/a, log, 
(a,/27r,,) where r, is the anode radius, r, is the radius of the grid-wire 
circle, r, is the radius of the grid wire and a, is the linear distance 
between the grid-wire centres at radius r,.f 


* For the proof of this expression see J. Millman and S. Seely, Electronics, McGraw- 
Hill, 1951, Section 5-19, pp. 151-6. 

+ For the proof of this see, for example, K. R. Spangenberg, Vacuum Tubes, 
McGraw-Hill, 1948, pp. 125-8. 

} ibid, pp. 135-7. 
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If N = 1/a,, w ~ 2nNr, log, (r,/r,)/log, (1/27Nr,). 
Here, » = 20, r, = 1:05cm, 7, = 05cm and r, = 0:04 cm, so 
N ~ 3. 
Total number of grid wires = 27Nr, =~ 10. 


(c) The expressions are: 
(i) For plane-electrode triode, 
us = {2ma,/a, — log, cosh (2zr,/a,)}/{log, (coth 27r,,/a,)} 
where a, is the grid-anode distance, a, is the grid-wire spacing and 
r, is the grid-wire radius. 
(ii) For cylindrical triode, 
be = {20Nr, log, (r,/r,) — log, (cosh 27Nr,)}/log, coth (27Nr,) 


where the symbols have the same meaning as in the solution to the 
previous problem. 
The derivations of the expressions can be found elsewhere.* 


78. 


A Wiiseo)A = +mA 


COLLECTOR CURRENT (mA) 
ul 


COLLECTOR VoLTAGE (V) 


The load line passes through the points A (0, 4 mA) and B (6 V, 0). 
The quiescent working point is at @. When an input signal of 40 uA 


* See F. B. Vodges and F. R. Elder, ‘Formulas for the Amplification Constant for 
Three-element Tubes,’ Phys. Rev., 24, pp. 683-9, 1924. W. G. Dow, Fundamentals of 
Engineering Electronics, Wiley, 2nd Edition, 1952, Chapter 4. K. R. Spangenberg, 
Vacuum Tubes, McGraw-Hill, 1948, pp. 142-52. 
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peak current is applied, the peak-to-peak input signal will be 80 uA; 
the base current will vary between 0 and 80 wA. The extremes of the 
working range are given by points X and Y. 

Peak-to-peak collector-emitter voltage excursion is X’ Y’ ~ 4-7 V. 

At Q, collector current ~ 2 mA. 

Power supplied by battery = (2 x 6) mW = 12 mW. 

Power dissipated as heat in 1,500-Q load = (2? x 10-® x 1500)W 
= 6mW. 
.. power dissipated in the transistor itself = (12 — 6) mW = 6mW. 


79. Consider first the 7,/V., characteristics. 

With the collector-base voltage constant at — 4 V a change in J, 
from 1mA to SmA gives a change in collector current from 
— 1:03 mA to — 4:95 mA. 


(4:95 — 1-03) 
—  6-D 


Consider now the 7,/V,, curves and a constant value of collector- 
emitter voltage of — 4 V. A change of J, from — 20 uA to — 80 uA 
gives a change of collector current from — 1:1 mA to — 4:5 mA. 


, —(45—11). 10° 
ae 


Thus, a= —| | = 098 


Thus, = (0 — 20). 108 acd 
a’ = (di,/di,) 
But di, = — (Gi, + Gi.) 
SO a’ = — di,/(0i, + Gi.) 
= — (di,/0i,)/(i,/0i, + 0i,/0i,) 


From this expression for «’ it is seen that: 
a=a«/(1+ a’) 
This equation can also be obtained directly from the definition of 


a, substituting — (di, 4- 0i,) for ci, and dividing each term in the 
numerator and denominator by di,. 
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80. Current gain «’ = 6/,/6f, 
When V, = —5 V and J, = —70 wA, I, = 2-46mA 
When V, = —5 V and J, = —50 wA, I, = 1:72 mA 
eatin (2:46 — 1-72) 10% _ 37 
. (70 — 50) 10-* = 
The load line is as shown. It passes through the points V, = —9, 


PAG andy ee =e aly 
1800 
For V, = —4 V, operating point is Q where J, ~ —82 MA. 


LOAD LINE 


COLLECTOR CURRENT I¢ (mA) 


-3 ~6 
COLLECTOR VOLTAGE V, (Vv) 


81. The equivalent circuit is as shown. 


~jIS 920. 
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Reactance of capacitance 
1 106 
~ QafC 2m x 2,000 x 0-005 
Let currents J, and J, in milliamps circulate as shown. 


= 15,920 Q. 


For the I, mesh: 


(10+ 1+ 3 —/15-92),,—3,=0 . . Gd) 

For the I, mesh: 
(8+1+4+3)4 —34,4+20V,=0. ‘ # (2) 
Also, V,=14+4 , : ; . (3) 


From (1), (2) and (3) J, = (— 0:1556 — j0-1357) mA. 
The capacitor blocks the d.c. and the meter reads the product 
of its resistance and the a.c. through it, i.e. J. 


meter reads 10[0°15562 + 0-1357?]1/? = 2-06 V. 


82. The equivalent circuit is shown. 
Let currents J, and /, in milliamps circulate as shown. 


For the I, mesh: 


(5 + 20)/, — 20/, + 20V,=0 . : . (1) 

For the I, mesh: 
(20 + 5), —20, =e =02 . : . (2) 
Also, V,=104,—) . , ; . (3) 


10,000.82 10,0002. 


0-2V,, vm.s, 


From (1), (2) and (3): 4 = 35-9 wA. 
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83. The equivalent circuit is as shown. Let the currents /,, J, and /, 
circulate as shown. 


€, = 2 (cos 30° + / sin 30°) 
= 1-73 + /1. 


For the I, mesh: 


(ra, op Ry aE Va, —jX)i 
— (Rr + Fae — (— JX + tag, — MeV, = 9 (1) 


For the I, mesh: 


(Rr + ra, + Role — (Ro + rah — Rels + MeV, = 0 - (2) 
For the I, mesh— 

(Ry —jX, + Res —(—jXD) — Rela =O . - (3) 
Also, Vy. = ey + Rls == | + Ris . . . . . (4) 


and V,, = ca) + Roo — Ts) = 1-73 +l + RI, i I.) ° (5) 


.. Jj, I, and I, can be found. 


84. For a triode, a change 6/, in the anode current J, can be 
written 


ol, a) a 1 
(=) V, a ( v, Was a OV, + 8m - OV,. 


8m - OV, = Of, — OV,/r,. 
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ANODE 


CURRENT 
GENERATOR 


gm & Vg 


CATHODE 


The current-source equivalent circuit shown follows from this 
expression. 


85. The equivalent circuit of the arrangement is as shown. 


Millman’s Theorem* states that 
_ Vo Yi + Veo Ye + Vos¥s 


Von = 
‘: %+%4 ¥, 
where Voo is the voltage drop from 0 to 0’ 
Vou 99 ” 2 ” 0 to 1, etc. 


In this case Vo, = 80, Vog = 80, Vo, = 90, Y, = 1/5,000, Y, = 
1/10,000, Y; = 1/20,000. 
: Voo = 68-6 V. 
Let the currents in the two meshes be x and y mA. 

For the x mesh: 5x + 10% — y) — 80+ 80=0. 
» 9 Y » 10(y — x) + 20y + 80=0. 

From these equations x = — 2:3 mA, y = — 3-4 mA. 
The valve currents are — x = 2:°3 mA and x — y = 1-1 mA. 


* See J. Millman, ‘A Useful Network Theorem,’ Proc. I.R.E., 28, pp. 413-17, 1940, 
and F. A. Benson, Electrical Engineering Problems with Solutions, Spon, 1954, 
pp. 104~9, 
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86. (a) The equivalent circuit is as shown. 


CATHODE (c) 


Neglecting C,,, this simplifies to the following: 


GRID ANODE 


CATHODE 


(b) The equivalent circuit is as shown. 


ore 
Csup.g. Suppressor 
F ~GRID Csvup.a 
(¢) CREEN Cas 
Cqs ~GRID(S) 


& Cgc 


CATHODE (c) 
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Neglecting C,, and C,,,,,, this simplifies to the following: 


GRID ANODE 


CATHODE 


87. Consider the common-base transistor connection. The emitter 
and collector voltages, V, and V, measured with respect to the base, 
are functions of the independent variables J, and J,, the emitter and 


collector currents, 
i.e. Ve. = Ad. I.) 
and Ve. = fo, I.) 


For small-signal variations the voltage variations are given by: 


OV, = (3) él, aif (4 


a, aT, 
ov, ov, 
and éV, = (F ), ol, + (= 


(4) 


If 6V,, 6V,, Of, and d/, are written as v,, v,, i, and i, respectively, 


these equations may be written as: 
Ve = My, + Male 


v_ = Toyle “= Tool ¢ 


where the coefficients 7,1, 712, 72; aNd 7g9 are defined as: 


OV, 
m= lor), 
OV, 
"a = oL,/t 
r) 
and Too = ( ), 


(5) 
(6) 
(7) 
(8) 
(9) 


. (10) 
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It is possible to draw several equivalent circuits which satisfy 
equations (5) and (6). These four-terminal networks are active, not 
passive, so four independent parameters are needed to specify their 
performances. In some equivalent circuits the four parameters used 
are r,,1,, 7, and r,, (or «). By comparing the mesh equations for the 
various networks it is easily shown that*: 


n=", tl" . . . . da) 
Nyy = MN . . . . . (12) 
fy =Th+ln . . . (13) 
Ton = Th +1 . . . . (14) 
‘and % = 1'o1/Too . . . . (15) 


Equations (5) and (6) can be re-arranged to give the voltage v, and 
current i, in terms of i, and v,. The h parameters (or hybrid para- 
meters) are then defined by these equations as follows: 


v, = hyyi. + hyd, * . 7 . (16) 
i, = hoi, + hop ¢ ° . . . (17) 


Similar parameters may be defined for common-emitter and common- 
collector arrangements; these are frequently distinguished by single 
and double dashes respectively (e.g. h,,’ and /,;"). The relationships 
between the / and r parameters can easily be determined as follows: 
From equation (5), 71, = v,/i, with i, = 0. Under this condition: 


V, = hyi, + Me. 


and 0 = hyi, + her, 
Thus, ry = 0,/i, = (Aypheg — hygho1)/hee . . (18) 
Similarly, ro, = U,/i, when i, = 0 
Then, 0 = hyyi, + hed, 

Toy = —Iray[hg, : . . (19) 
Also, rig = v,/i, With i, = 0 


* See, for example, S. Seely, Electronic Engineering, McGraw-Hill, 1956, Chapter 16 
or L. M. Krugman, Fundamentals of Transistors, Rider and Chapman and Hall, 
2nd Edition, 1959. 


12 
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Then, Vv, = hyd, 
and 1, = heyyy, 
so Tyo = Mye/hes ; ‘ ; . (20) 
Finally, log = vV, fi, With i, = 0. 
Then, i, = Nggd, | 
i.e. Too = 1/hog a ee.) 
Also, OX = Pg1/1o9 = — Nyy : : . (22) 
It follows that: 

re = Ny — Ng = yy — Aye(1 + hre)/ hon . (23) 

Ny = Ny = MMoa/hes 4 ; : , . (24) 

Ir, = Yop — Vg = (1 — Ayg)heg & hee ; . (25) 
and Pm == ey — Tr = — (hoy + Ia)iteg - ee (26) 


In the example given: 
ry = (35 X 1 x 10-$+ 7 x 10-* x 0-976)/(1 x 10-*) = 718-20 
ry = (7 X 10-)/(1 x 10-8) = 700 Q a 
Toy = {0-976/(1 x 10-*)}Q = 976 kQ 
ra = 11 x 10-°)Q = 1 MQ 


a = — 0-976 
r, = (718-2 — 700) = 18-20 
ry = 700 Q 


lo = Tog ™ 1 MO 


I'm = (976,000 — 700)Q = 975-3 kO 
88. The solution to this problem can be found elsewhere.* 


* See, for example, S. Seely, Electronic Engineering, McGraw-Hill, 1956, Chapter 16. 
See also, L. M. Krugman, Fundamentals of Transistors, Rider and Chapman & Hall, 
2nd Edition, 1959. 


SOLUTIONS 89-90 167 


89. The solution to this problem can be found elsewhere.* 


90. Consider the two arrangements shown at (a) and (8). 


(b) 
For circuit (a) For circuit (6) 
(2, ot Za)hy are Zole = V, (Z, ae Za) + Lol, = 0, 
(Z, oF Zin sc (Z, - Zs)Io =0 (Za at Zmndly ae (Z, + Z5)Io =V 
(Z,;+Z,) V | 0 Zp» 
(Zg+Z,) 0 V (2,423) 


5 ea 


Lh= 
: (Z; + 23) Ly 


(Z, + Z3) Zz 
(Z,+Zm) (Ze + Zs) 


(Zp + Zp) (Ze + Zz) 

In general, J, ~ 1,, so the original circuit does not satisfy the 
reciprocity condition. For the reciprocity condition to be satisfied Z,, 
must be zero. 


* See, for example, S. Seely, Electronic Engineering, McGraw-Hill, 1956, Chapter 16. 
See also, L. M. Krugman, Fundamentals of Transistors, Rider and Chapman & Hall, 
2nd Edition, 1959 and J. D. Ryder, Engineering Electronics, McGraw-Hill, 1957, 


Chapter 12. 
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91. It is found* that « varies with frequency according to the 
following expressions: 


1 
oo i + ‘i 
where % is the low-frequency value of « and f,, called the alpha cut- 
off frequency, is that frequency where « = 0%/V2. 
Thus, if % = 0-96, f, = 5 Mc/s and f= 10 Mc/s, 
a = 0:96/V1 + (10/5)? 
= 0-43 


If a = 0-96, « = 0-6 and f= 5 Mc/s, 
f = fV Gla)? — 1 
= (5V(0-96/0-6)2 — 1) Mc/s 
= 6:25 Mc/s. 


92. a! = af(1 — a) 


— W/L +i X 
1 — o/{1 + jG} = = %) + J) 


The cut-off frequency is defined as that for which the gain falls to 
1/4/2 of its original value. This occurs for the common-emitter 
circuit when the frequency is f,’ such that f/f, = 1 — a 


ie. fil =f — %) 
93-98. The solutions to these problems can be found elsewhere. 


99. (a) Mean load current 


1 [7 300V2 sing 
(Ta.c.) aS [ 


oe 150 1,000) 


* R.L. Pritchard, Frequency Variations of Current-Amplication Factor for Junction 
Transistors, Proc.I.R.E., 40, p. 1476, 1952. 
and 

D. E. Thomas, Transistor Amplifier Cut-off Frequency, ibid., 40, p. 1481, 1952. 

t S. Seely, Electron-tube Circuits, McGraw-Hill, 2nd Edition, 1958, Chapter 8. 
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(b) Alternating load current 


1 [7 (300V2 sin J ii. 
ava) = [> — do = 184 mA. 


(c) D.C. power supplied to the load = (g,.)? X 1,000 = 13-8 W. 
(d) Power supplied to anode circuit = (.m,)* X 1,150 = 39-1 W. 


(e) Rectification efficiency 


= d.c. output power bb ; 
~~ power supplied to anode circuit x 100% = 353% 


(f) Ripple factor = [(Geme/a.c.)® — iy? = 1-21. 


100. (a) The d.c. load voltage 
04 - 
(Ei.) = on { (300V'2 sin 6 — 10) dO 
: 27 JO, 


where 0, and 6, are the angles at the striking and extinction points. 
Since 300V/2 S> 10, 6, may be taken as zero and 6, as 7. 
Eac, = 130 V. 


(b) D.C. power supplied to load = (E;,,.)?/1,000 = 16:9 W. 

(c) Input power to circuit 

= i{ 300V2 sin 6 ( 
27 Jo 


300V 2 sind — ) Perr 


1,000 


16:9 
(d) Rectification efficiency = x 100% = 38: 38-7 %. 


43-7 
(e) It can be shown* that the ripple factor is 
10 | 
- | = 1-225, 
300V ae 
101. Mean load voltage E4,. = Mean load current Jj, x Ry, 
230V2 
m(500 ++ R;) 


approximately 1-21 E + 0:5 x 


where R; is the resistance of the load and Jy. = 


Exe, = 230V2/r — 500Ig., 


* J. Millman and S. Seely, Electronics, McGraw-Hill, 2nd Edition, 1951, p. 350. 
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Ea,. changes from 103-5V when J;, =0 to 63-5V when 
Tac, = 80 mA, i.e. regulation is (103-5 — 63-5) V = 40 V. 


: — Tac)’: O/ __ 40-6 ° 
ent Tea: + 500) <= 505 
R; 


*, efficiency decreases from 40-6% when J,,. = 0 to 249% when 
Tac. = 80 mA. 


Maximum output power is obtained when R, = 500Q and the 
efficiency is then 20-3 %. 


.". the current at which maximum power is obtained is given by 
20-3 = 40-6[1 — 5007, ,,/103-5]. 


T3.c, = 103-5 mA. 
2({ 300V2 ) 
102. (a2) Mean load current (J;,..) = = (55300 = 108 mA. 
; 1 300V2 ) 
(6) Alternating load current (/,,,,) = er (sien oon 


= 120 mA. 


(c) D.C. output power = (J,,,.)? X 2,000 = 23-3 W. 


(d) Input power = (7, ms,)°(500 + 2,000) = 36 W. 

bs . 23-3 
(e) Rectification efficiency = 36 x 100% = 648%. 
Y) Ripple factor = (Frms./Ta.c.) a 1}? = 0-482. 


2 _ 
(g) D.C. output voltage Ey, = — X 300V2 — I... 500. 
WT 


.. Eg,, changes from 270 V when J,,. = 0 to 216 V when J;,. = 
108 mA, i.e. regulation is 54 V. 
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1 wT 1/2 
103. R.m.s. current = 5A = E i 1,2 sin? 6 ao| = [,,/2 
2m Jo 
where J, is the maximum value of the current 
Tin = 10 A, 


‘ ; 1 
Moving-coil ammeter reads re { 
Tw 


For full-wave rectification: 


0 


= I, 
1, sin 6 dO = = = 3:18 A. 


A.C. ammeter reads r.m.s. value = I,,/V/2 = 7:07 A. 


2 
Moving-coil ammeter reads mean value = . In = 6°37 A. 
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The following table can be drawn up using the rectifier charac- 
teristic: 


Current i (mA) 


— | | | | | |) 


80i volts. ; . {| O-16 | 0-32 | 0-48 | 0-64 | 0-80 | 0-96 | 1-12 


| ae | ees | re | cee | ae | eemnnecieeiN 


v volts ; 4 . || 0-60 | 0-76 | 0-82 | 0-88 | 0-93 | 0-98 | 1-03 


V=(v + 801) volts . || 0°76 | 1:08 | 1:30 | 1-52 | 1:73 | 1°94 | 2-15 


The i/V characteristic is drawn. The current wave corresponding 
to the positive half-cycle of voltage can then be obtained as shown. 
The current during the negative half-cycle is so small that it can be 
neglected. The moving-coil ammeter reads the mean current taken 
over the whole cycle. This is found to be 3-32 mA. 


L(mA) 
V(vours) » 


> 


° so 60 30 120 150 !80 
ANGLE (Deqrees) 
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105. Current flows in each cycle for an angle 0, where cos 6/2 = 
Vp[V. The current through R is Vp/R which must equal the mean | 
current through the rectifier, 
1 (7? V(cos¢ —cos 6/2) dd 


R=— 
Val 2a J—0/2 10 


But 6 is given as 27/6, so R = 585 Q. 


VOLTAGE 


102 


Component of fundamental frequency in the a.c. supply is 
6/2 
L= sor on V (cos d — cos 6/2) cos ¢ db = 0-0287 x V/10 
A.C. power input = 4VI, = $V? x 0-0287/10 
V3\2 
D.C. power output = (Vz)?/R = (V cos 0/2)?/R = V? (~) / 585. 


*, Efficiency of rectification 
_ d.c. power eutput x 100% = 894%, 
a.c. power input ae 
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106. It is evident from the diagram that, since 200V’2> 10, con- 
duction may be assumed to continue until the end of each positive 


half-cycle. 
= "Sy foo sind 


o| VOLTAGE 


(a) R.m.s. load current 


= /2 ie eee CY" dO = 063.4. 
2a ——— 


(6) R.m.s. value of voltage a across valve 


=,/— | Ie Om sin 0 dO + a 10? dO + ik oe sin 6)? d0 


= 155 V. 
(c) Power 
_ 1 [* (200V2sin6 — 10) 
5 i eee (200V2 sin) dd = 77 W. 


107. The filter is shown in the diagram. Any losses in the valves, 
transformer and choke will be neglected. 


L 
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Suppose e is given by the first two terms of the Fourier-series 
: : 5 2k, 2 
representation of the rectifier output voltage, i.e. (i ces 2ot| 
7 


where E,, is the maximum value of the transformer voltage to the 
centre-tap. 


E, 
R.m.s. value of e(@,m,) = V2—. =. 
ill 5. T 3 
ese -E, 2 1 
*, a.c. through the circuit is approximately V2 — . =. = Ins 
vis 3 Xz, ‘ 


where X;, = 27(2/)L and fis the supply frequency. 


*, ripple voltage across load is approximately 4.0 = Eumass 
where Xg = 1/2n(2f)C. 


Ripple factor = E,.ms/(2Em[7) = V2X,[3X_, = V2/3(4af PLC 
= 10/300 in this case. 


when f= 50 c/s, LC = 35-86 x 10-*, and when f= 60¢/s, 
LC = 24-87 x 10-*. 


If the rectifier is to pass current throughout the whole cycle the 
peak current delivered must be less than the direct current, i.e. 
4E,,/30Xz < 2E,,/7R,. 

The limiting condition for this is when L = R,/67f. 

In this case R, = 300/0-12 = 2,500 Q. 


when (a) f= 50c/s, L = 2-65H, and when (6), f= 60 c/s, 
L = 2:21H. 


The above expressions give the minimum values of L and LC 
that may be used to obtain the required results. Since the minimum 


value of L = 2:65 H for case (a) and 2-21 H for case (5) choose a 
10-H choke, in both instances. This is a readily available item and 
its size must be such as to carry the necessary current. 


If L = 10H and f= 50 c/s, C = 35-86 x 10-*/10 = 3-586 uF. 
If L = 10H and f= 60 c/s, C = 24-87 x 10-*/10 = 2-487 uF. 


*, in both cases choose a 4-uF capacitor which is also readily 
available. 
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108. (a) Simple inductor filter. 
LoadGamenbe oo oO CO) 
mR, 3 V/R2 + 4w2L? 


where the symbols E,,, R, and L have the same meanings as in the 
previous solution, and tan ¢é = 2wL/R;. 


Amn / VR? + 40?L? 


TT 
ipple factor = 
the ripple factor 2E, aR, 


If w = 1007, L = 20H and R, = 2,000. 

: the ripple factor = 0-074. 
If w = 1207, the ripple factor = 0-062. 
(b) Simple inductor filter. 


When L = 40H, the ripple factor is 0-037 for f= 50 c/s and 
0-031 for f = 60 c/s. 


(c) Simple capacitor filter, 


The diagram shows the voltage curves. 
The r.m.s. value of the ripple voltage e,..5, = E,|2V 3. 

Assume the capacitor discharge continues for the full half-cycle at 
a constant rate equal to the average value of the load current J,,,.* 

In the time for half a cycle (1/2f) the capacitor will lose an amount 
of charge I;,,,/2f coulombs. 


E,= Ta.,] 2ft C. 


Tyo (2fC . 2V3) 


The ripple factor = é, 5 /Eac, = TR 
d.c.**2 


* This gives a ripple factor for a given C which is too large. See J. Millman and 
S. Seely, Electronics, McGraw-Hill, 2nd Edition, 1951, p. 393. 
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In this case C = 16yF and R, = 2,000Q. 


. when f = 50 c/s, the ripple factor = 0-090, and when f= 60 c/s, 
the ripple factor = 0-075. 


(d) Simple capacitor filter. 
When C = 32 uF the ripple factor is 0-045 for f= 50 c/s, and 
0-0375 for f = 60 c/s. 


(e) Single L-type filter. 


In the previous solution it has been shown that the ripple factor 
for a single L-type filter is V2/3(4nf )*LC. 

Substituting the values of f, L and C it is found that the ripple 
factor is 0-0037 for f = 50 c/s, and 0-0025 for f = 60 c/s. 


(f) Single L-type filter. 
When L = 40H and C = 32 wF the ripple factor is 0:0009 for 
(g) Double L-type filter. 


The reactances of the chokes are much larger than the reactances 
of the capacitors. Assume reactance of C small compared with R;. 


1 
*, impedance between P, and Q, is approximately Xp = Im(2fC 
ry) ” Py ry) Q; ” yy Xo 
” 9 P %” Q ro) ” X, ape 2n(2f)L 
Alternating current J, is approximately v2 : 2Em : 1 : 
3 7 xX L 


Alternating voltage across P,Q, is ,X¢. 
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V2 2E, 2 
Alternating voltage across P,Q, = 1,Xq = NO a (22) 
3 7 Xr 
V2 (Xc\* 
ripple factor = —— (22) 
PP 3 \x, 


When L = 20H and C = 16uF the ripple factor is found to be 
2:95 x 10-* for f = 50 c/s, and 1-42 x 10-5 for f= 60 c/s. 


109. An upper limit to the ripple can be found by assuming that 
cut-out takes place for the entire half-cycle.* The triangular ripple 
waveform shown in the solution to Question 108 becomes a tri- 
angular wave with vertical sides. 


Li 


. 


Cc Cc, <Re 


The Fourier analysis of such a waveform gives 


sin4dwt sin 6wt ) 
5 -|- 3 ae oes 


Eac. — Ea (sin 2wt — 
7 
where FE, = I,,./2fC as in Question 108. Harmonics greater than 
the second will be neglected. R.m.s. second-harmonic voltage 
E, = 14,,[2fCV2 and this is impressed on an L-section filter. 
The output ripple is therefore approximately E, . Xo,/Xz, 


where Xo, = W2n(2f)C, and Xz, = 2n(2f)Ly. 


Ripple factor = Ey. Xo,/Xz, . Ea.c. = V2/L,C,CR(2z . 2f)°. 

If C and C, are in microfarads and f= 50c/s, ripple factor 
= 5,700/CC,L,R,. 

In this case R, = 250 x 1,000/50 = 5,000 Q and the ripple factor 
= 0-01/100. 


if C, = C, C*L, = 11,400. 


* J. Millman and S. Seely, Electronics, McGraw-Hill, 2nd Edition, 1951, p. 402. 
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A value for L, is usually chosen to be that of a readily available 
item. 


For example if L, = 20H, C = 23-9 uF. 
Alternatively, if 2, = 40H, C = 169 uF. 


The capacitors chosen for these two values of L, would need to 
be not less than the corresponding figures quoted. 

Having chosen a suitable choke its d.c. resistance will be known 
and therefore the d.c. voltage drop across it can be calculated. This 
gives the voltage drop across the first capacitor from which the 
peak transformer voltage to the centre-tap can be evaluated. 

If C and C, are in microfarads and f= 60c/s, ripple factor 
= 3,300/CC,L,R,. In this case, if C, = C, C*L, = 6,600. 

If now L, = 20H, C= 18-2 uF. Alternatively, if L, = 40 H, 
C = 12°8 uF. 


110. A z-section filter with a resistor replacing the inductor may 
be analysed as in the previous solution. 


.. the ripple factor is now 
Vv 2Xo . Xo,/R, . R instead of V2X¢. Xo,/Ri. Xz, 


i.e. for the same ripple factor R = X T, = 40fly 
= 12,568 Q for 50 c/s, and 


15,082 Q for 60 c/s. 
When output current = 100 mA, power dissipated is 


(a) (0-1)? x 12,568 W = 125-7 W. 
(b) (0-1)? x 15,082 W = 150-8 W. 


When output current = 10 mA, power dissipated is (a). 1-257 W, 
(6) 1-508 W. 


111. The solution to this problem can be found elsewhere.* 


* See F. A. Benson, ‘Voltage Stabilizers,’ Electronic Engineering Monograph, 
1950, pp. 49-50. See also ‘Stabilovolts,’ Marconi Publication S.P.10. 
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112. The solution to this problem can be found elsewhere.* 


113. Let resistance of series resistor be R ohms. 
Current through R = (20 + 30) mA = 50 mA. 
Voltage across R = (400 — 200) V = 200 V. 


R = 200/50 x 107-3 = 4kQ. 


Since the load current = 20 mA, and the tube current may vary 
from 10 to 50 mA, the current through R varies from 30 mA to 
70 mA. 


the voltage across R varies from 120 V to 280 V, 
1.e. the input voltage varies from 320 V to 480 V. 


Load current can vary from zero to 40 mA (when tube current is 
at its minimum value of 10 mA), 


i.e. load resistance varies from 5 kQ. to 00, since voltage across 
load is 200 V. 


114. The solution to this problem has been given elsewhere by the 
author.T 


115. The solution to this problem has been given elsewhere by the 
author.t 


116. The solution to this problem has been given elsewhere by the 
author.t 


117. The solution to this problem has been given elsewhere by the 
author.{ 


* See F. A. Benson, ‘Voltage Stabilizers,’ Electronic Engineering Monograph, 
1950, pp. 30-2. See also E. W. Titterton, ‘Some Characteristics of Glow-discharge 
Voltage Regulator Tubes,’ J. Sci. Instrum., 26, p. 33, 1949. 

t F. A. Benson, ‘Voltage Stabilizers,’ Electronic Engineering Monograph, 1950, 
Chapter 4. 

t F. A. Benson and G. V. G. Lusher, ‘Voltage Stabilizers for Microwave Oscil- 
lators,’ Electronic Engineering, 26, p. 106, 1954. 
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118. The voltage-current curve is as shown. 


0-6 
—_ ”- “-— 
“-— ae i As \ me Saas 
BARRETTER 
CHARACTERISTIC 
o-4+ B A Cc 
O-2 = 
& 
- 
2 
ul 
ow 
ri 
>. 
o) 
80 100 120 140 160 180 200 220 


VOLTAGE (v) 


If v is the voltage across the barretter and J the current through it, 
then for the 200-V input 


200 = v + 1002. 


This is the equation of straight line A which cuts the barretter 
characteristic at 0-5 A. 


For 180-V input line B is obtained which cuts the barretter 
characteristic at 0-5 A. 


For 220-V input line C is obtained which cuts the barretter 
characteristic at 0-504 A. 


Current variation if input voltage changes by + 10% is 0-004A. 


119. Supply voltage = {250 + (10 x 108 x 9 x 10-%)} V = 340 V. 
Resistance of load = (430 — 250)/9 x 10-?Q = 20 kQ. 


13 
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120. Resistance = 8/(9 x 10-8) = 889 Q. 


The capacitor should have low reactance compared with 889 Q. 
The greater the capacitance the more effective is the capacitor in 
taking most of the alternating component of the anode current. 

Suppose the reactance of the capacitor is chosen to be 1/10 of the 
resistance. Then at 1,000 c/s, C = 108/27 x 1,000 x 88-9 uF, 


i.e. C = 1-79 uF, say 2 uF. 
At 100 c/s, C = 17:9 uF, say 20 uF. 
121. Power input = 1/600 W. 
Power output = 10J?, where J is the load current. 
10 logy) (10Z? x 600) = 60, so l= 129A 
60 db = 60 x 0-1151 nepers = 6:9 nepers. 


122. The equivalent circuit is as shown. 


100 
~ 8,000 + 1,000 + j(21 x 300 x 0°8) 
== (10-81 — 71-81) mA. 
The output voltage 
V, = — (10-81 — j1-81)(1,000 + 71,508)10-3 V 
= — (13-54 + j14-49) = 19-61/— 133°. 


19-61/— 133° 2 
The gain A = a = 3-92/— 133°. 


I, 


Vo= -TaZ, TR 


The vector diagram is therefore as illustrated. 
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When the frequency is 2,000 c/s: 
100 
~ 8,000 + 1,000 + j(2x x 2,000 x 0-8) 
The output voltage 
Vi, = — (4-94 — 75-52)(1,000 + 710,060) x 10-2 V 
= 74-87/— 143-8°. 
the gain A = 14-97/— 143-8°. 
The gain at 2,000c/s is greater than the gain at 300c/s, i.e. 
frequency distortion is present. The results also show that phase- 
shift distortion exists in the amplifier. 


I, = (494 — j5-52) mA. 


123. The solution to this problem can be found elsewhere.* 


124. The equivalent circuit of the arrangement is as shown. 


__BV,Y; — Vis 
Y,+Y,+ Yet ¥s 

where Y, = 1/r,, Yo = jwC,,, Y3 = jwC,, and Y, = 1/Z,. 

Vi a Y3 — &m 

V™, YatYit¥e+ Vs 
In this case, since w = 27 x 10,000, Y, = j2:26 x 10-’ mho, and 

Y, =/j1-88 x 10-7 mho. Also Y,=1-11x10%mho, Y= 

2:5 x 10-5 mho and g,, = 1:5 x 10-? mho. 

— 1:5 x 10-3 + j1-88 x 107’ 

3-61 x 10-5 + j4-14 x 10-7 © 

Thus the j terms which come from Y, and Y; are negligible. Neglect- 

ing these j terms the gain is — 41:6. 


Using the Millman Theorem, V, 


the gain = — = A Say. 


gain = 


* See, for example, J. D. Ryder, Engineering Electronics, McGraw-Hill, 1957. 
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Since A is real the input impedance consists of a capacitance of 

value C; = C,, + (1 + A)C,, 
= (3-0 + 42:6 x 3-0) wuF = 130-8 uF. 

For a two-stage amplifier the input impedance of the second | 
stage acts as a shunt for the load of the first stage. Thus C,, along 
with the C,, of the first tube, shunts the load. It should also be 
remembered that every 1 uwuF of stray capacitance between the © 
leads to the anode and grid of the second stage adds effectively 
42:6 uuF across the load resistor of the first stage. It is reasonable 
to assume therefore that the 90,000-Q load of the first stage is shunted 
by a capacitance of 200 wuF (a conservative figure). 


Y, = 111 x 10-5 + j1-26 x 10-5 mho. 
Sa Sn so 
Y+Y¥,41-Y,4 Y, Yor V+ e427, 

= — 36-79 + j13-24 = 39-1/160:2°. 


the gain = 


125. As in the previous solution the gain 
i eee es | EO 
 ¥+ Y¥,4+ Ya+ Ys 
In this case, since w = 27 x 10,000, 
Y, = jwC,, = j2:26 x 10-7 mho, Y; = jwC,, = j2:13 x 10’ mho, 
Y, = 1/r, = 1:3 x 10 mho, g,, = 26 x 10-* mho, 
y= 1 = 1 
‘Ry + joL — 2,500 + 71,257 
the gain = — 5:13 —j1:83 = 5-4/199-6° = 5-4/— 160-4°. 
Referring to the diagram of the previous solution, 
,=hth= AY + (1 — A)Y3} 
where Y, = joC,, 
1.e. the input admittance 
= Y,=1,{V,= Y¥, + (1 — A)¥3. 
In this case, Y, = j2:13 x 10-? mho. 
: Y, = (— 3-9 + j15-2)10-? mho. 
If the input circuit is supposed to consist of a resistor R and a 
capacitor C in parallel, 


= (3-193 — j1-605)10~ mho. 


1 
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152 x 1077 


ae ~ De x 108 


F = 24-2 uF. 


126. The equivalent circuit of the arrangement is shown. 
Vi,=v,—-i,2, . . @) 
From the equivalent circuit: 
ig =PV (Rit tat Z) ~- (2) 
From (1) and (2): 

i, = wv ,|{R, + re + Z(1 +m} - (3) 
Now R= —Ri, .- . (4) = 
From (3) and (4), 

vv, = — BRI {ra + Ri + Z(1 + mw} ) + 


2,000/jaC 
But R, = 10,0000, Z, = —22C#ec_ 


Re = 100,000.0. 


Va = 50,000.12. 


r, = 50,000 Q and wu = 80 
162 
; = — 8,000 {150 ———_—}, 
aaa / ie 7 005 mC 
. v,/v; is a maximum when w-—> oo and is 53-3, and »,/v, is a 
minimum when w — 0 and is 25-6. 


v,/v, is equal to 0-707 of its maximum value when the frequency 
(w/27) = 121-2 c/s. 


127. The equivalent circuit of one stage is as shown. Applying 
the Millman Theorem between points O and B: 


as VialYo 
Yo+ Yra+ You 


Von 
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where Yo = jwC, Yr, = 1/R, and Yo, = jwC,. 
Applying the Millman Theorem between points O and A: 


- be Cary Yo’ 


“. gain A = — Viz/V, 


where Y, = I/r, and Y, = 1/R,. 


- — YAY o 
~ (Yo + Yrg + You(Ya + Yd + Yol¥rs + You) 
At intermediate frequencies where Yq is large and Yo, is small, 
A= Ay= —MY,[(Ya + Yi+ Yao: 
At low frequencies the effect of C, is negligible and 
A= Ay = —MY,Yol{Y¥o( Ya + Yi+ Yao) + Yr Yat Yoh. 


A, 1 Yr Y, + Y) 

—> = ——-——— where f = —————>—*#_—_.. 

A, tap eI 
Ay 1 


If the load is a pure resistance f, is real and — = —---———_., 

, A V1i+(Gif? 

i.e. fy represents that frequency at which the gain falls to 1/ V2 of its 

intermediate-frequency value. 

At high frequencies Yp, and Yq, can be neglected in comparison 
with Yy and A = A, = — MY, /(Y, + Yi.+ Yry + Yoo). 

OE es 

A, 1+ jfile 


If the load is a pure resistance f, is real and 


, where fg = (Y, + Yi + Yp,)/2xC,. 


a 
A Vi+ (if 
ie. fo represents that frequency (at the high-frequency end) where 


the gain falls to 1/\/2 of its intermediate-frequency value. 
In this case, 


Y, = 1:3 x 10-* mho, Y; = 0-2 x 10-4 mho, 
and Yr, = 0:02 x 10-* mho. 
A, = — 17-1, f, = 31 c/s and f2 = 121,000 c/s. 
Ay = — 17:1 so when A = 14 
. 14 


A 
the mini in ratio — = —— = 0:8187. 
e minimum gain ratio A, iF 0-8187 
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If f’ is the low frequency where the gain drops to 14 and f” is the 
high frequency where the gain drops to 14, 


1 1 
SS 0°-8187 =, 
Vi+Al? Vi+ (ff 

f' = 4e/s and f" = 84,960 o/s. 


128. Gain per stage = V/6000 = 78. 

Using the symbols introduced in the solution to Problem 127: 
As 1 n/2 
Ao| i “| ie 


where n is the number of stages (in this case 2) 


095 = Fearn 7 


i.e. Alfa = 0-223 
Since f= 100 ke/s, f, = 450 ke/s. 
Now Jo = 1/20C,R,, where C, = 20-5 wuF (given) 


R, = 1/(m x 205 x 10-* x 450 x 10%) = 17,200 Q 
The gain per stage at mid-frequency is 
— SmR, = — 5:2 x 10-3 x 17,200 = — 89-4 
The overall gain = 89-4? = 7,992. 


129. The equivalent circuit of one stage of the amplifier is shown. 


L is the inductance and R is the resistance of the inductor. C’ 
is the distributed capacitance of the winding. The other symbols 
have the same meaning as on the equivalent circuit given in the 
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solution to Question 127. It should be observed, in fact, that the 
two equivalent circuits differ only in the anode-circuit impedances. 
Thus, the analysis given in the solution to Question 127 is valid 
here provided Y, is now written as jwC’ + 1/(R + jwL). The fre- 
quency-response characteristic of this amplifier may therefore be 
examined in the same way as that for the resistor-capacitor arrange- 
ment given already. 


130. It is shown in Solution 127 that: 
Ag =, —wyY,|(%, as Y, ae Yr) 


With pentodes it is possible to assume that r, > R,. Further, it 
may be assumed that R, > R, because R, must be made small to 
raise f,, whereas R, must be large to lower f,. With these assump- 
tions Ay = —g,,R, and the high-frequency gain becomes: 


A, = —mRjf(l + joC,R,) 
The gain ratio for a pentode is then 
allan 
4) Li+ (Af? 
where f, = 1/27C,R, = bandwidth in c/s since f, will be low. 
Figure of merit (gain x bandwidth) = g,,R,/27C,R, = 2m/27C,. 


This is constant for a given type of valve. If C, = C,, + C,- (the 
irreducible minimum value of C, for pentodes) = 9-2 wuF in this 
case and g,, = 5-7 mA/V: 


Figure of merit = 5-7 x 10-3/(Qz x 9-2 x 1071") 
= 98-6. 


ay 


131. If an amplifier is made up of m cascaded RC-coupled stages, 
not necessarily identical, the overall high-frequency gain ratio is: 


Ag} __ 1 3 1 t 
Ay| E + GZ. 7 F + (f] 7 —— 
If the stages are identical 
Baa ee 
Ag 1+ (fif2)* 
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If f, designates the 3 dB point for the overall amplifier of n stages: 


/V¥2= al” 


Similarly, for the three non-identical stages 
= [al lead lead 
= lit Gee LF Gee UFO 


0? = [crag lic Lec 
1 + (f/250)*J LI + (7/350)2J L1 + (7/550) 
This expression gives f at the high-frequency end in ke/s. 


A similar calculation gives the low-frequency limit of the overall 
bandwidth: 


A; 


4,| 7 1V2= Festal Feacriitesco ce 


132. The solution to this problem can be found elsewhere.* 
133. The solution to this problem can be found elsewhere.t 


134. The solution to this problem can be found elsewhere.t 


135. Consider first the low-frequency equivalent circuit (a) of 
the amplifier. The secondary of the transformer feeds the grid circuit 
of the next valve which is assumed to have infinite impedance. 


I,=pV,|ta t+ Rp t+joL,) - : ~ (1) 
Voltage across primary = joL,J, .. ; : . (2) 
a BV, |{1 —j@a + R,)/oL,} 


* See J. D. Ryder, Engineering Electronics, McGraw-Hill, 1957, p. 107. 

t ibid., 108. 

t See, ‘for example, V. C. Rideout, Active Networks, Constable, 1954, pp. 224-7; 
or ‘s. Seely, Electron-tube Circuits, McGraw-Hill, 2nd Edition, 1958, pp. 319-21. 
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(0) 


Voltage across secondary is n times as large as this. 
gain = + npu/ {1 —j@a+ R,)(wLy} > - 4) 
The magnitude of the gain (A) = mu/V1 + {(r, + R,)/@L,}? (5) 


When wL, > (r, + R,), A = nu = 30 in this case. The gain 
drops off at low frequencies because wL, is not large compared 
with (r, + R,). When woL, = (r, + R,) the gain is only 70-7 % of its 
value nu approached at higher frequencies. Thus the gain drops to 
10-7 ¥ of 30, i.e. 21:2 when f = (8,000 +4- 3,500)/(2a7 x 70) = 26 c/s. 

Now consider circuit (6) which is the high-frequency equivalent 
circuit. 


(b) 


An analysis of this circuit shows the gain to be 


1 
jn () 


(6) 
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The magnitude of the gain A = (7) 


Jre(u-ay 
wC. 


At low frequencies, wZ is small and 1/wC is large, therefore the 
gain approaches nu as already stated. At very high frequencies 
1/wC is small and wL is large and the gain falls rapidly to zero. The 
gain passes through a maximum between these two extremes which 
is found by putting dA/dw = 0 to occur when 

llwC = {2@L)* + R*}/20L. 
Since wL is usually much greater than R, the maximum occurs when 
wL = 1/wC. This is the condition for series resonance. 

In this case the frequency for maximum gain 


i a ts ett Set Tl, 
2nV0-5 x 1,000 x 107 


An analysis of the circuit shows that the corresponding gain is 


ee 30 a aon 
RNC _ 15,000% 1,000 x 107! 

A gain-frequency curve can be plotted by finding other values of 
gain at the low-frequency end using equation (5) and at the high- 
frequency end using equation (7). Both expressions give a gain of 
nu = 30 for the mid-band frequencies. A sketch of the resulting 
response curve is shown in diagram (c). 


44:7 
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136. The equivalent resistance of r, and R in parallel, in the 
equivalent circuit shown, is R’ = (8 x 50)/(8 + 50) = 200/29 kQ. 


XeSRN 


2 2 
The equivalent impedance of X and R’ is Z’ = Piro c e 
V/'52 +. (200/29)? 


Stage gain = g,,Z’ X 3 and g,, = 2 mA/V. 
*, stage gain = 24-3. 


137. If 7, and J, are the peak values of the fundamental and 
second-harmonic currents, 


I, + 2h, = 150 — 80 = 70 mA 
I, — Uh = 80 — 20 = 60 mA. 

* I, = 65 mA 

and Ip = 2:5 mA. 


The mean anode current with the signal is 80 -+ J, = 82:5 mA. 
Power delivered to load 


= 4-23 W. 
D.C. power supplied = 300 x 82:°5/1,000 = 24-75 W. 
Efficiency = 4-23/24-75 = 0-17. 


Percentage second-harmonic current = (2:5/65)100 = 3-85 %. 


138. Let the input voltage be sinusoidal and of the form 
v, = V, cos wt. The anode current i, is of the form 


I, + By + B, cos wt + B, cos 2ut : . () 


By, B,, etc., can be found from the characteristic curves of the valve. 


SOLUTION 138 
From the figure when: 
wt = 0, i, = Imax 
ot = 7/2,i,= 1, 
ot = 7, i, = Inin- 
Substituting in (1): 
Tmax = 1, + Bo + Bi + By 
I,=I,+ By — B, 
Inin = Iq + Bo — By + Bs 
From (3), Bo = By 
From (2) and (4), B, = (Imax — Inin)/2 
From (2) and (6), Bs = Umax + Imin — 2,)/4 
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(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
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In this case maximum current corresponds to a grid voltage of 
(—8+6)V = —2V and minimum current corresponds to a 
grid voltage of (— 8 — 6)V = — 14 V. 

From the characteristic curves and the load line, 


TInax = 21:6 mA, J, = 13-2 mA and Ayn = 6°3 mA. 
By = By = (21-6 + 6:3 — 26-4)/4 = 0-375 mA. 
Total steady current = (13-2 + 0°375) mA = 13°575 mA. 
Peak fundamental current is 
B, = (21-6 — 6°3)/2 mA = 7-65 mA. 


Peak fundamental output voltage 


7-65 
| = 7,000 x 8,000 = 61-2 V. 
Fundamental gain 
= 61:2/6 = 10:2. 


Percentage of second-harmonic distortion 
= 100B,/B, = 100 x 0-375/7-65 
= 49%. 

139. Let Inax, I’, Ly, I” and Ipin correspond respectively to the 
grid voltages when wt = 0, 7/3, 7/2, 27/3 and 7. Then proceeding 
in the same manner as in the previous solution it is found that: 

By = Umax + 20’ + 21" + Tinin)/6 — Ia 
By = Umax + eee ik min)/3 

By = (Imax — 21g + Imin)/4 

Bs = UInax — 20’ + 21” — Ippin)/6 

By = Unax — 40’ + 64, — 41” + EIppin)/12. 

140. The quiescent point Q is determined by drawing the load 
line through the point J, = 0, V, = 300 V with a slope fixed by 
the resistance R, of the choke. Since R, is generally small the static 


load line is almost vertical. Since anode dissipation is 25 W, anode 
current permissible is 25/300 = 83 mA. This corresponds to a grid 
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bias of about — 20 V. Permissible grid swing is about 20 V peak; 
distortion occurs from the non-linear parts of the valve character- 
istics. Thus a minimum anode current of about 20 mA is set where 


160 


120 


ANODE CURRENT (mA) 


fe) 100 200 300 400 500 
ANODE VoLTAGE (Vv) 
characteristics begin to curve. Therefore, dynamic load line is as 
shown (Q'QQ”). Voltage swing is (425 — 175) V = 250 V. Corres- 


ponding current change is (148 — 20) mA = 128 mA. Load resis- 
tance = 250/(128 x 10-8) Q = 1:95 kQ. 


Output power = (Vinax — Vinin\Fmax — Fmin)/8 = (250 x 0-128)/8 
=4W. 


Efficiency = (4/25) x 100% = 16%. 
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141. (a) The analysis required can be found in many textbooks.* 
(b) The method of determining the composite characteristic 
consists of inverting the characteristic of valve (2) with the quiescent 
point P, immediately under P, and then adding algebraically the 
corresponding ordinates of the two characteristics 


CHARACTERISTIC 


ANODE CURRENT (mA) 


ANoDE CURRENT (mA) 


At the points P, slopes of characteristics 
= 1/2,000 mho, so r, = 2,000 Q. 


At Q, r, = 1,000. 


* See, for example, P. Parker, Electronics, Arnold, 1950, Section 73; or Cruft 
Electronics Staff, Electronic Circuits and Tubes, McGraw-Hill, 1947, Chapter 13. 
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142. The composite characteristics and the load line are as 
shown below. Having drawn the load line the power rectangle may 


8 


COMPOSITE 
CHARACTERISTICS 


14 
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be constructed on diagonal YY and one-eighth of its area gives 
the amplifier power output. 

For the rectangle the sides are approximately 98 mA and 125 V 
SO power output 


~ x 125 x 98 x 10-3 W ~& 1°53 W. 


143. (a) The solution to this problem can be found in many 
standard textbooks.* 

(6) Power output = 4V,/J, where V, and J, are respectively the 
peak values of the voltage across, and the current through, one 
section of the output transformer primary. Now J, = Ins, and 
V, = V — Vain Where V = 500. 


power output P,,. = $)max(500 — Vinin)- 

But Vorin == 1,000% max» SO Pac. = $4max(500 — 1,000/,,,x)- This is a 
maximum when J,,,, = ¢ A when P,,. = 31:25 W. | 

Power drawn from h.t. supply, Pi. = 22, V where J, is the mean 
anode current of either valve (valves assumed identical). The pulses 
of anode current may reasonably be taken as half sine waves so 
I, = Imax/77 and therefore Py... = 2 V Ing/T. 

The efficiency = P,,./Pac, = 71 — Vinin/V)/4- 
In this case the efficiency = (1 — 250/500)/4 = 0-393 
== 39:3 7. 


(c) The efficiency of a class-C amplifier can be shown to bef 
(1 — Varin! V)(O — sin 20/2)/2 (sin 6 — 0 cos 4) 


where 26 is the angle of flow, Vin is the minimum anode voltage 
and V is the supply voltage. In the ideal case, Vj, = 0 and if 20 is 
then 120° the efficiency is found to be 89-6 %. 


144, Mean value of anode current = ; x 25 X sa = 0-31 A. 


Power supplied by h.t. source is 0-31 x 2,500 = 775 W. 


* For example, see P. Parker, Electronics, Arnold, 1950, p. 340. 
+ For the proof of this expression see, for example, P. Parker, Electronics, Arnold, 
1950, pp. 343-4; or A. T. Starr, Electronics, Pitnan, 2nd Edition, 1959, p. 272. 
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Output power = 0°8 x 0-8 x 750 = 480 W 


efficiency = =. x 100% = 61-97%. 


At the point where anode current commences to flow, the in- 
stantaneous anode voltage is:* 
Va = Vas. — Vac, OS 9 (26 is the angle of flow) 
= 2,500 — 2,000 cos 45° 
= 1,086 V. 


| 145. Let Z be the impedance of the parallel resonant circuit 
shown. 


1 
Th iC. 
oe Z = TR R ape 
Let WLC = 1 and Q = R/apoL. 


1 _ RU = o*ferg?) + joRlogQ 
Z RjwR/w,Q 


Z = Rill + jO@|erg — w9/o)}. 
When w is near to Wp let w = wy + Aw. 


Then Z = R/[1 + 27QAw/wy]. 


* See, for example, J. D. Ryder, Electronic Fundamentals and Applications, Pitman, 
3rd Edition, 1964, Chapter 12. 
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For the anode load of the valve the voltage across L is 
a ama — pZv,[(Z + 14). 


2 U > 
the voltage across L, is jal .joM = v,M|L = vp. 


es Up = — UZv,M/L(Z + r,) 


A 
To somo, | Ee cau (1 + 2.45. hip 
0 


15,000 
Aw 500 
Now a DO 
L = RiayQ = 15,000/(27 x 20,000 x 45). 
|v9| = 3°485 V. 


146. The current-source equivalent circuit is chosen as shown 
at (a). 
R=o,L/Q = 2m x 1,592 x 108 x 200 x 10-°/50 = 4Q. 
This circuit can be replaced by that at (6), where 
R' =0/17/R = Qo,L = 10 kQ. 
*, at resonance the load is (2 + 100 + 2) micromhos. 
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If the output voltage is V,, V,g,, = V, x 104 x 10-§ 
i.e. the gain 


= V,|V, = &m[104 x 10-6 = 5 x 10-3/104 x 10-6 = 48. 


147. Referring to the diagram: 


V, = AV, : : ‘ ‘ . (i) 
and V,=V,+ BV, : F ‘ . (2) 

Vz A 

yo ‘ j . (3) 


1 
In this case, gain with feedback A, = 20 / (1 + 10° 20) = 6°67. 


AMPLIFIER 


NORMAL 
GAIN A 


FEEDBACK 
NETWORK 


148. Without feedback gain A = BR; 


(rT, a R,) 
3 
__ 1,000 x 200 x 10 — 500, 
(200 +- 200)108 — 
: : 500 
As in previous solution A, = 14257 2. 
Pipa 2 oz, 
*1—BA 1 — fuR|ra + Ry) 
_ {ul(. — uBR, = wR, 


i r,/(1 — bp) ae R, - lg a R, 
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i.e. the effective amplification factor 
u! = pl — up) = 1,000/51 = 19-6 
and the effective anode resistance 
ry =7,/(1 — wB) = 200 x 103/51 = 3-92 kO 
The effective mutual conductance is w’/r,’ = 5 mA/V. 


149. Original input voltage = 60/120 = 0:5 V 
» distortion ,, = 10 x 60/100 = 6 V. 
The distortion voltage has to be reduced 10 times, therefore: 
1 — B x 120 = 10, ie. 8B = — 0-075 where £ is the feedback factor. 
The gain will also be reduced by a factor of 10. A, = 120/10 = 12. 


The added distortionless gain needed ahead of the feedback ampli- 


fier is 120/12 = 10, and this amplifier must supply a signal voltage 
of 60/12 = 5 V. 


150. With feedback and normal supply voltage the gain 
Ay, = 24,000(1 + 24,000/1,000) = 960. 


With feedback and a 25% reduction of supply voltage from its 
normal value the gain A, = 16,000(1 + 16,000/1,000) = 941. 


R 
151. The gain of each stage ~ —g,,R, }——_*— 
e gain of each stage LR, le ae Teal 


a3 —JoCR, 2m R, 
— 1L+joCR, 
—jo CR, §m Ay 

1 + joCR, 
= jp {oC Reen 

1+ joCR, 

According to Nyquist’s criterion instability will occur if the loop 
gain > 1 when there is no phase-shift around the loop, i.e. when 
tan (wCR,) = 30° or when wCR, = 1/V3. 


loop gain of amplifier = £ 
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Under this condition the loop gain is A(g,,R,)*/8. Thus, for stab- 
ility, B(g,R,)°/8 > 1 
i.e. B > 8/(g,R)® 


152. The cathode follower has been analysed by many authors.* 
The output impedance is nearly equal to 1/g,,. In this case the output 
impedance = 108/4 = 250Q. 


153. The solution to this problem can be found elsewhere. 


154. (a) For the solution to this problem see the book by Seely. 
(b) For the solution to this and a similar problem see the 
book by Rideout.§ 


155. The input resistance of a common-base amplifier is given 

byll: 
R;=?r, +P, —P(%o + nde + re + Rd 
= Ta — Mral'a/(e2 + Rs 

where Ip» Tes Tes Vimo Ta» Tig) Te, and reg are the usual transistor para- 
meters and R, is the load resistance. 
In this case, R; = {550 — 500 x 1-9 x 10°/(2 x 108+ R)}Q. 
Thus, R, varies from 75 Q to 550 Q as R, changes from 0 to oo. 

The output resistance of the arrangement is given by||: 


Ro=" + ls — (Tm + 1e)/(o + te + Ro) 
= op — Vrol'o/(R, + ry), 


where R, is the resistance of the source (zero in this case). 
Thus, 


Ry = (2 X 108 — 500 x 1:9 x 109/550) Q = 2:72 x 10°Q 
The maximum possible voltage gain|| 
= lolly = 1:9 Xx 10®/550 a 3,454. 


* E.g. see S. Seely, Electron-tube Circuits, McGraw-Hill, 2nd Edition, 1958, 
Chapter 5; or A. T. Starr, Telecommunications, Pitman, 1954, pp. 232 and 233. 

+ See S. Seely, Electron-tube Circuits, McGraw-Hill, 2nd Edition, 1958, pp. 176-8. 

t S. Seely, Electron-tube Circuits, McGraw-Hill, 2nd Edition, 1958, pp. 164-6. 

§ V. C. Rideout, Active Networks, Constable, 1954, pp. 175-8. 

|| See, for example, S. Seely, Electronic Engineering, McGraw-Hill, 1956, Chapter 
16; L. M. Krugman, Fundamentals of Transistors, Rider and Chapman & Hall, 2nd 
Edition, 1959; J. D. Ryder, Engineering Electronics, McGraw-Hill, 1957, Chapter 12; 
R. B. Hurley, Junction Transistor Electronics, Wiley, 1958. 
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156. The solution to this problem can be found elsewhere.* 
157. The solution to this problem can be found elsewhere.* 


158. he = Ny — Ny = 20 
ry = My. = 8002 
ro = Veg — Ng 2 MQ 
hm = Vey — Ng Sz 1:98 MQ 
Voltage gain (A,) 
— R, 
ty + {+ rr + Rdl(re — Tm} 
430 
= 300 — {(820)(2 + 108 + 430)/(1-98 x 10° — 20)} 
om — 15-2. 
Current gain (A,) 


1 
LE (re + RD — rm) 
1 
~T—@ X10" F AB0)/T9B X 10" — 20) 
~99 
Input resistance (R;) 
rr, + Ry) 
20(2 x 10% + 430) 
~~ 2,755 O 


=, + 


~~ 800 + 


159. The h parameters are defined by the equations: 
v, = hy, + hyv, - ‘ é . 
ig = gyi, + hogv, . : . (2) 
[see equations (16) and (17) of the solution to Problem 87] 


* See, for example, S. Seely, Electronic Engineering, McGraw-Hill, 1956, Chapter 
16; L. M. Krugman, Fundamentals of Transistors, Rider and Chapman & Hall, 2nd 
Edition, 1958; J. D. Ryder, Engineering Electronics, McGraw-Hill, 1957, Chapter 12; 
R. B. Hurley, Junction Transistor Electronics, Wiley, 1958. 
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Also, v, =o i,R, ° ° e . (3) 
From these equations: 

—h 

Voltage gain 9 = v,/v, = ———__ >» 

? e hy yhoo an hyghsy a hy/ R, 

Current gain == i,fi, = hg/(he2R, + 1) 

(Ayrhee — Iyahey) + Iu! Ri 


Input resistance = u,/i, = 
‘ hea + UR; 


160. It will be evident from the solution to Problem 159 for the 
common-base amplifier that the same expressions for voltage and 
current gains will hold for the common-emitter circuit if primed 
quantities are used for the 4 parameters. 

*, voltage gain 
ee eee 

hyy'hoe' a hyp’ hy’ “ae hy'| R, 
= — 47 
~ (800 x 80 x 10-*) — (47 x 5-4 x 10-*) + 800/(20 x 10%) 
= — 598 
and current gain 

ae at 


47 
~ (80 x 10-® x 20 x 10%) +1 
= 18 


161. The current gain of a common-emitter stage is given by: 
(r et s) 1 


Gi ste Noe Set ee Os eee eo he ee ee 
: (rr, tre + Ri — Tn) 1+, + Rd/Ce — tm) 
If r,<rms 
ar, 
|A;| ~rnl(r. Ba ae ary eae ee 


Thus, for the circuit illustrated: 
j iar, 
i, ~ 
r ol 7.) a) + R, 
where R, in this expression is the total a.c. load of transistor 1. 
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If R, > R,, the input resistance of the second transistor stage, then 
in the mid-frequency band, where the reactance of C may be neglected, 

R, > RRR, + Ri). 

Now i; ~~ i,R,/(R,; + R,) so the overall current gain, at these 
intermediate frequencies Ai, is: 


Ai _.? ji ~|{ ar, R, 
eae Ve = @) + RI FR, 
At low frequencies the reactance of C is large so: 


oe iar, 
2 rl — a) + Ry + joCR,) 
The overall current gain now, Ai,, is therefore: 
Ai, = ili, ~ {__#____| . | 
r(1 — a) + R/C + joCR,)) (Ry + Ifjac 
which can be reduced to: 


a 


As in the case of the corresponding expression for the valve amplifier 
this may be written as: 


au~(" Viel 


Ai, =~ 


] 1 1 
wae A= xe be aa) | 


The solution to the last part of the problem can be found else- 
where. For example, a good description of high-frequency effects in 
junction transistors has been given by Terman* and a calculation to 
determine the high-frequency response of an RC-coupled common- 
emitter amplifier by Ryder.f 


* F, E. Terman, Electronic and Radio Engineering, McGraw-Hill, 4th Edition, 1955. 
t J.D. Ryder, Electronic Fundamentals and Applications, Pitman, 3rd Edition, 1964, 
Chapter 9. 
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162. The expression for the stability factor has been derived 
elsewhere.* 


= eee ee 


9-2 
R,+@Q—®R, 10+002x 100 — 


163. The expression for the stability factor has been derived 
elsewhere.* 


R, +R 
R+R0—-a” d 1Ro/(R, + Re) 
Here, R, = (50 x 20)/70 = 14-3 kQ 


14-3 + 25 


so = 
2:5 + 14-3(0-02) 


=6. 


164. The condition for maintenance of oscillation in a dynatron 
oscillator is R < L/Cr,, 


es R < 150 x 10-/500 x 10-# x 90,000 < 3-33 Q. 


The corresponding frequency of oscillation 


-sdbiel-2 
2a N LC ly 


= 581 kc/s. 


165. The condition for maintenance of oscillation in a tuned- 
anode oscillator is M=(L-+17r,RC)/u, where M is the mutual 
inductance between the two coils. 

With the higher anode voltage 


M = (175 + 220 x 10-§ x 18 x 9,000)/9 wH = 23-4 wH. 
The coefficient of coupling 


23-4 
S=@k—£—=EXxQ_=_== iE = 0-228. 
V175 x 60 —— 


* See, for example, H. Henderson, Transistors, B.B.C. Engineering Training 
Department, Supplement No. 12, 1958. Methods of obtaining bias and stabilizing 
the operating point are described in many books, e.g., J. D. Ryder, Engineering 
Electronics, McGraw-Hill, 1957. J. D. Ryder, Electronic Fundamentals and Applica- 
tions, Pitman, 3rd Edition, 1964. A. H. Seidman and S. L. Marshall, Semiconductor 
Fundamentals, Wiley, 1963. L. M. Krugman, Fundamentals of Transistors, Rider and 
Chapman and Hail, 2nd Revised Edition, 1958. Mullard Reference Manual on 
Transistor Circuits, Ist Edition, 1960. 
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With the lower anode voltage 
M = (175 + 220 x 10-® x 18 x 11,000)/9 wH = 24-3 wH. 
The coefficient of coupling 


= at OOP — 0-237. 
V¥175x 60 —— 


166. Maximum mutual inductance between grid and anode coils 
is 0-4V/200 x 35 wH = 33-5 wH. 

The condition for maintenance of oscillation is given in the 
previous solution. 

33-5 = (200 + 0:0005 x R xX 6,000)/8, ie. R = 22:7Q, 
where R is the effective resistance of the tuned circuit. 

The aerial may therefore contribute (22-7 — 8) Q, i.e. 14-7Q, to 
the tuned circuit. 

Since the aerial is tuned the resistance reflected into the tuned 
circuit is w?M?/R,, where R, = 240 and M is the mutual inductance 
between the aerial and the tank circuit. 

; oM = V24 x 14-7 = 18:8. 
But w is approximately 
Fi it ez 3-167 x 10° 
—S—— Te Dee e x " 
LC V200 x 0-0005 
M = 18-°8/3°167 wH = 5:94 wH. 

This is the maximum permissible value of M if oscillations are to 

be maintained. 


167. The frequency of oscillation of a tuned-anode oscillator is 
iven b : P fess 
NE ON PEC” 


where R, L and C are the usual constants of the anode coil. 
1 F 1,800 + 11 
Qn N 1,800 x 06 x C 
The condition for maintenance of oscillation is given in the 
previous two solutions. 
M = (0:6 + 67:9 x 10-® x 11 x 1,800)/5 = 0-389 H. 
M must have at least this value for oscillation. 


25 “3 C= 679: 107? F, 
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The maximum mutual inductance available is 
0:32 x 0:6 = 0:192H 
.. the circuit will not oscillate. 


From the maintenance condition the value of C corresponding 
to the mutual inductance 0-192 H is found to be 18-2 uF. 
This capacitance gives a frequency of oscillation of 48-3 c/s. 


168. The condition for maintenance of oscillation in a tuned-grid 


circuit is: 
pM M 
AIA, eg AC CE 25 
Cc BL sa 
where M is the mutual inductance between the grid and anode coils. 


E Ey 
M must be as large as S — J (") — Rr,LC 


= ? x 180 _ 
= 2 
= 39 wH. 


But the maximum available M is 0-3V 180 x 50 = 28°5 uwH. 
.. the circuit will not oscillate. 


2 
rl (? x) — 26 x 11,000 x 180 x 0-0012| uH 


169. As in the previous question the maintenance condition is 
uM M 
et a} oe 
uM 
Cc 


: r,RC 10,000 x 100 x 0-01 x 10-8 
.. Mis approximately —— = aie Gane 


Since M < L and uw = 10, then is approximately equal to Rr, 


H 
= 1 mH. 


This is the condition for sustained oscillation. 


170. The theorem is well known and will not be proved here. 


The equivalent circuit of the tuned-anode oscillator is shown. 
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GRID 


ANODE 


CATHODE 
? 1 
(R + joL) joC 


wc 
I, = V,/(R + jwL). 
V, = —joM .V,|(R + joL). 
: N = — joM|(R + joL). 
Substitution of the expressions for Zand NinZ + r,/(1 + uN) = 0, 
equating real and imaginary parts and aera gives: 


cd @ Ta + R rat r,+R 
(a) the frequency of oscillation f = a s Le” 


and (b) the maintenance condition M = (L + r,RC)/u. 


R+ jol+ = 


171. The frequency of oscillation* = 1 [nV C(L, +L, + 2M) =f. 
If M = 0, f = 1/20V0-1 x 10-® x 40 x 10-8 = 2,517 c/s. 
In the second case, 2,000 = 1/27V0-1 x 10-®(40 + 2M)10-3, 
where M is in mH. 
= 11-67 mH. 
"The coefficient of eee = 11-67/20 = 0-584. 


172. For sustained oscillations* u = (L, + M)/(L,. + M). 
oe 20 = (45 + M)/(IS + M) 
where M is in mH. 
i.e. M = 13-42 mH. 


* See solution to Question 173. 
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173. The equivalent circuit is as shown. 


The voltage across the bottom coil is 
V, = (Re + jols)i, + joMli,—i) . + () 
Applying Kirchhoff’s second law to the i, and i, loops: 
i(ta +.Ry + joL,) = i{R, + jo(L,+ M}—4Vv, . (2) 
and i,(R, + jol) = i,(R, + jol, + joM + ljoC)+V, (3) 
Substituting (1) in (2) and (3) and then dividing (2) and (3) 
rot Ry + jolly — wjoM 
R, + jol, + joM 
R, — wR, + jo(L, + M) — jo, + Mu 


se 4 
R, + Re + jol, + jol, + 2joM + ifjoc 4) 
Simplifying, and equating the imaginary terms, gives: 
1 55 R,/ Va 
ao? = = (2nf)? 
R RL,)(1 


where f is the frequency of oscillation. 
Equating the real terms gives: 
(ra + Ri(Ri + Re) — OL, — mM)(L, + Ly + 2M) + (Ly — wM)/C 
= RR, — wR) — o(L, + ML, + M — wl, — uM). 


174. The equivalent circuit is as shown. 
V, =i,fjwC, ‘ : : . 
Applying Kirchhoff’s second law to the 7, and i, loops: 
i,[joCy = i(R + joL + VfjoC, + 1[joC,) . (2) 
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and i(’a + IfjoC,) = i(ijjoC, —puljwC,) . ; . (3) 


Dividing (2) and (3), simplifying, and equating imaginary and real 
terms, as in the previous solution gives: 


1fl 1 
ot=i {e+ Z(t + Rbr)} = Caf? 


where fis the frequency of oscillation. 
(1 + p)/w?C,C, = r,R + L/C, which is the condition for main- 


tenance of oscillations. 


175. The equivalent circuit is as shown. 


V,=—-(it+joly, © ©. @) 
Applying Kirchhoff’s second law to the i, and i, loops: 
i(Tq + Ry + joLl, + 1[/jwC) — pV, ed lola ° . (2) 


From (1), (2) and (3), proceeding as in the previous two 
solutions: 
1 af R,| ry 
ea tI 
Ch +i+ i+ RL) + ord °"” 
where f is the frequency of oscillation. 


rAR, + R,) + RiRCl + w) + Lo/C — oL,L,(1 + 4) = 0 which 
is the condition for maintenance of oscillations. 
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176. The equivalent circuit is shown. 


—- =— a Gu Gi qa a quer SEP ce 
tae fee eo me ee ee ee ee |] 


\ cQuivate NT 
CIRCUIT OF 
CRYSTAL 
Vz, = — i(joL + 1fjoC) ‘ ; . (dd) 
Applying Kirchhoff’s second law to the three meshes in turn: 
i(GjoL + 1fjoC + 1fjoC)) = ifjoC, . (2) 
i(joLp + wljoC — 1fjoC,) + i(1fjoC, + 1fjoCgq + ra) = tata (3) 
and i(joLu + pljoC) 


-|- lola = is{tg + joL,/(1 = w*L,C.)} =O (4) 
Eliminating i, from (3) and (4), dividing by (2), cross-multiplying 
and equating the imaginary terms gives: 
1 [: + + GI Cya + CIC oe] 
Benak Soest Only 
“=Tel 140+ iGo eae 


where fis the frequency of oscillation. 


177. The feedback network is shown in the diagram. 


INPUT 

VOLTAGE 
Ze 
oOuTPUT 
VOLTAGE 


214 


e= 


(x, eRe ae 
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e=E.Z,/(Z, + Z,) 
Z, = RF, + lfjac, 
Z, = R,f(i + JRC) 
RE 
RCo 


*, e will be in phase with EF at a frequency given by: 


wo? = 


— : 
CiCR Re 


_ 20 V C,C,Ri Re 


) 
WL, 


2) +i( RRC, mvs 


The system will then oscillate at this frequency if the associated 
amplifier gain is greater than 1 + R,/R, + C,/C,. 


If C, = C, = 0-001 wF and R, = R, = 120,000Q, 


f = 1,326 c/s. 


178. The phase-shift network is as shown. 


Cc Cc Cc 


Let currents x, y and z circulate as shown: 


Then 


and 


From (3) 


1 
(R+ 5c) *- Rye. 
1 
1 


yo hts +— aa) aR - 


rey) 


(2) 


(3) 


(4) 
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1 


From (1) and (4) x = 7 (5) 
R+ jo 
Substituting (4) and (5) in (2) gives: 
6R? 5R 1 ) 
84—. —_ —__ — —__] = ER’. . . 6 
a (R + oC oC? jascs) ~ B® (©) 
There is no 7 term wh See i.e. when w? = 1/6R®C? 
J OC oC? - : 
i.e when f = —— 
- 2aRCVE 


At this frequency z(— 29R°) = ER® .. e = Rz = — E/29, ie. 
the attenuation ratio of the network is 29, and the total phase shift 
is 180° when f = 1/27RCV6. 

In this case, f = 1/2 x 10° x 0-0005 x 10-*V6 = 1,300 c/s. 


179. The phase-shift network is as shown. 


R R R 


Cc. Cc Cc 


TT] 


Proceeding with the analysis as in the previous solution it is 
found that the frequency f at which the network produces 180° 


phase shift is V 6/2rCR. 


In this case f = V6|20 x 105 x 0-0005 x 10-* = 7,800 c/s. 
The attenuation ratio of the network is again 29. 
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180. Let currents x, y, z and p circulate as shown. 
Cc Cc Cc Cc 


1 
Then (n+ o-)s—Ry=E. . . (d) 
1 
(2R-+ Ja)y—Re—Re=0. . 7 (2) 
1 
(or + oa) #— Ry — p= 0. : . (3) 
1 
and (2R+ <a)p- R= 0. P » (4 
From (4) 
1 
z= (2r + 5a) AIR , : : ; ; - (5) 
From (3) and (5) 
y = BR? + 4Ri/jaC — 1/w*C*)p/R? : : . (6) 


From (2), (5) and (6), 
x = (4R® + 10R®/joC — 6R/w®C? — 1[jo®C*)p/R® —. (7) 
From (1), (6) and (7), 
10R® 15R? 7R 1 | 
Boho ae ee, SS een ie 3 
# E * eC ses ts tel 


There is no imaginary term when w? = 0-7/R?C?. 


At this frequency, pR = e = — E/18-39, 
i.e. the attenuation ratio of the network is 18-39. 
In this case 
f = V0O-7/20nRC = V0-7/20 x 10° x 0-0005 x 10-* = 2,663 c/s. 
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181. When S is closed, the voltage across C rises exponentially 
as shown until it reaches V,. C is then suddenly discharged until the 
voltage across it falls to V,. 


VOLTAGE ACROSS C 


T Te 


TIME 
The voltage across C(V,) at any time ¢ after closing S is given by 
V, = VIA — e HER) 
“. at points Aand BV, = Vil — e~TO%) 
and | V, = VA — eW PHeR) 
.. period of oscillation 
T = T, — T, = CR log, (V — VV — Ve}. 


182. Using the solution to the previous problem 


a = 0-04 x 10-® R log, (80/40), so that R = 360-7 kQ. 


When supply voltage drops to 198 V, 
7 = 0-04 x 10-6R log, (78/38), so that f = 96°34 c/s, 
i.e. f drops by 3-66 %. 


183. Using the solution to Question 181 and the same symbols, 
T = 0-01 x 10-® x 500 x 10? log, {230/(250 — V,)} 
Also V, — V, = 100 V, so that 
V, = 120 V and T = 2:83 x 1073 sec. 
Since control ratio is 30, V, = (— 120/30) V = —4vV. 
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184. An expression for the period of oscillation of a multivibrator 


has been developed by Seely.* For a symmetrical multivibrator the 
expression can be reduced to: 


T = 2CR, log, [4% 
Vy 
where here R, = 50 x 1097QO, C=0-005 uF, V, = 250V, V, = 
110 V and V, = — 20 V. 
: f= IT = 1,027 c/s. 


185. The frequency of a 300-m signal is 1 Me/s. 
beat frequency = (1-3 — 1) Mc/s = 300 ke/s. 
The frequency of a 400-m signal is 0°75 Mc/s. 
new oscillator frequency = (750 + 300) kc/s = 1,050 ke/s. 


186. (a) For feedback type of oscillator, 
2 
Ca 50 


(6) For beat-frequency oscillator, 


Cows _ (10 +10 ie 4 
100 + 0-05) ~ —— 


Crnin 
187. The solution to this problem can be found elsewhere.t 


188. The method of solution is the same as that for Problem 187 
so is not given here. 


189. The thermal agitation noise voltage is given by 
Ss 
Bie ar | Rdf 
1 


where E£ is the r.m.s. noise voltage in volts. 
T ,, ,, absolute temperature. 
R ,, 5, resistance in ohms. 
SF +» »» frequency in c/s. 
fi and f, are the limits of the frequency band. 


* See S. Seely, Electron-tube Circuits, McGraw-Hill, 2nd Edition, 1958, p. 429. 
~ See J. D. Ryder, Engineering Electronics, McGraw-Hill, 1957, Chapter 12. 
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When the integration is carried out over the band, 


E = V4kTR(f, — f)) volts. 
In this case 
E = V4 x 1:38 x 10-23 x 290 x 1,000(10") = 12-66 nV. 


190. The effect of thermal-agitation noise may be expressed either 
as an e.m.f. in series with the resistor considered noiseless, or as a 
constant-current generator in parallel with the resistor considered 
noiseless, as shown. 


INFINITE = 
x IMPEDANCE 
CONSTANT 
CURRENT 
GENERATOR 


PROVIDING 
Tvems. 


The output current of the generator is obtained by dividing the 
expression for the r.m.s. noise voltage, given in the previous solution, 


by R. 
Tem. = J “MD amperes. 
In this case Tims, = 12°66 x 10-° A. 


191. The r.m.s. value of the noise-current components in a band- 
width (f, — f,) c/s is given by 
(rma) = 2 (fg — fr) amperes® 
where J is the average current in amperes. 


”. tems, = V2 X 1-602 x 10-?® x 10-3 x 2 x 10¢ = 2:53 x 10-%A. 
192. The mean square of the fluctuation components of the current 


depends only on the magnitude of the emission current Jy and the 
frequency bandwidth. 
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Tins. = V2 elf, —f,) el,(f2 — f,) amperes 


= V2 x 1:59 x 10-9 x 10 x 10-3 x 20 x 10° A 
= 7:98 x 10-9 A. 


193. As in the solution to Question 189 the thermal-agitation 
noise voltage is given by 


ptm aur |” R df. 


The impedance of the parallel combination is 
(R, — fRP@C)/( + R’w?C*) 
R= R,/(1 + w?C?R,?) 


E? = 4kT [ R, df[ + 47f2C?R,2) = kT/C 
E = VkTIC. 


194. The value of the noisy resistor is approximately 2-5/¢,,* ohms 
= 2:5/2°6 x 10-3 = 961 Q. 


2: I 
195. The equivalent resistor is = ( < (1 + =) *+ ohms 
m 


L+1, 

2°5 10 8x 2-5 x -) 
_ 10 8 x 25 x 10°" — 1160. 
9x 10-3 (=) (1 ae 7G (a ic 


196. The equivalent resistancet = (20R,? + 4 x 104/,/¢,,°)J ohms 
where R, is the shunt resistance of the grid circuit in ohms, and J 
is the control-grid current in amperes. 


*, the resistance 
= {20 x 10+ 4 x 104 x 10-3/(5 x 10-%)3}0-01 x 10-§ QO 
= 2,003-2 Q. 


* See W. A. Harris, ‘Space Charge Limited Current Fluctuations in Vacuum Tube 
Amplifiers and Input Systems,’ R.C.A. Review, 5, p. 505, 1941 and 6, p. 114, 1941. 
K. R. Spangenberg, Vacuum Tubes, McGraw-Hill, Ist Edition, 1948, Chapter 12. 
L. B. Arguimbau and R. B. Adler, Vacuum Tube Circuits and Transistors, Wiley, 1956, 
Chapter 15. 

+ D.O. North, ‘Fluctuations in SpaceCharge Limited Currents in Multi-coilectors,’ 
R.C.A. Review, 5, p. 244, 1940. 

t See K. R. Spangenberg, Vacuum Tubes, McGraw-Hill, 1st Edition, 1948, Chapter 
12. 
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197. Current through R due to V, with V, short-circuited 


eae es or 
R + RR, + RR|(R + Re) 
~= RV,/(RR, + R.R, + RR») 
Similarly, current through R due to V, with V, short-circuited 
= R,V2/(RR, + RoR, + RRo) 
The Johnson formula for thermal noise generated in a resistor Rg is: 
V2 = 4kTR,df 


therefore total mean-square noise current through R per unit 
bandwidth 
_ AK(TRiRe? + T2ReRy") 
(RR, + R,R, + RR,?P 
_ ARR RAT Re + ToRy) 
(RR, + RR, + RR)? 


4kR, R(T Ro + T.Ry)R 
{(R, + R)R + RR! 


This is a maximum when R = R,R,/(R, + Re) 


Noise power P = 


_ 4K R,R(T,R. + T,R1)RyRe 
(Ry + Re){R,yRy + RyRe}? 
ae K(T, rs + T, oRy)/(Ry cs R,) 


P. max. 


| /4RER. 
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198. (a) For two resistors R, and R, in series, total resistance 

=k + Rk 
.. per unit bandwidth 
4kT,R, + 4kT,Re = Toe 4k(Ry + Re) 
where 7. is the effective noise temperature. 
_ 17,8, + T2R, 
(Ri + Re) 
T,R, TR, 


(R; + R,) (R; ay Ry) 
_ TR, + TeRe 


(Ri + Re) 


eff. 


Using the statement, T.¢ = 


(b) When the resistors are in parallel 
AkT,RyR? | 4kKToRoRY? _ 7 RiRe 
(Ry + Ry (Ry + RP (Ry + Ry) 
_ TRe + TR 
(Ri + R3) 


Using the statement, T.¢ = 


TF per, T, 1Re as T; oy 
ef... hn an 
(Ri + Ry) 


Thus, the statement has been verified for the two cases. 


Using the statement: 


To = T,{1 — exp (—2cal)} + Ty, exp ( —2al) (see diagram) 


a l- exp (~2«t) 


exp (~2«2) 
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199. Open-circuit voltage due to R, with sources of e.m.f. in R, 
and R, branches short-circuited 


_ 4kT,Ry ( R,R3 \ 
ee ee 
(Ry + Ra) 


~ (RiRa + RyRy + RaRs)* 
By repeating this calculation for the other two resistors and adding 
the results the total voltage 
= 4k R,RoR(TR,Rs ae T’ gh Ro ae T,R3R,) 
(RyRy + RyRz + RRs)? 
For single resistor at temperature T this voltage squared would be 
4kTR,RoRg 
(RR, E R,R; a R2R3) 
because for the three resistors in parallel 
R= Ri RRs 
RR, + RRs + RoRs 
7 TiRoRs + ToRiRa + ToRSRs 
RR, + Riks + ReRs 
When the resistors are in series: 
R=R + JR, + Rg 
TR; ae TR an T, ahs 
(Ry + Re + Rs) 


T= 


200. To receive maximum signal power from aerial the input 
impedance of the circuit is made equal to the radiation resistance of 
the aerial. . 

In bandwidth df power radiated from aerial 

= dV,2/4R, 
*, thermal radiation power picked up 
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If P is the noise power generated in the receiver and G is the power 
gain, 
2(Gk 300 + P) = Gk 900 + P 
we P = 300 Gk 
Noise figure = 10 logyy X 


| Output noise power from actual receiver at room temperature 
Output noise power from a perfect receiver that introduces no noise 


300 Gk + P 
300 Gk 


3 dB. 


noise figure = 10 logy, = 10 logy) 2 


201. Let calibration of signal generator read a power of P watts. 

Then voltage generated in signal generator = V where V2/(4 
x 500) = Por V?=2 x 10° P. 

Signal on grid of triode = (V x 1,000)/1,500 = V/1-5. 

Signal output from receiver oc (V/1-5)?. 

Noise output power produced by a 500-Q resistor in parallel 


with a 1,000-Q resistor oc V,,?, i. e. 4kT _ =. Af since 1/500 + 


1/1,000 = 3/1,000. 


Ta 000 1 ~ 


4k Af=4 x 1:38 x 10-8 x 2 __ 


= 5-52 x 10-14 
(V/1-5)? = 5°52 x 10-14 
V2 == 5-52 x 10-14 x 1:52 = 2 x 10°P 
soP=62x 107 W 


x 300 x 104 


202. The mean-square deflection §? is given by: 


1 ge — AE 
2 2 


where C is the specific couple of the suspension 
kT _ 1-38 x 10-* x 300 


@2 — — = — Aj. 12 
e jgcie 41-4 x 10 


ie. 6 = V41-4 x 10-2 = 6-44 x 10-6 radian. 
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Thus, r.m.s. deflection = 2 x (optical arm length) x / 2 
= 2 x 1,000 x 10-* x 644mm 


= 0:0129 mm. 
0-0129 
Minimum detectable current = 75 x 1,000 muA 
= 0-172 muA. 


203. Torque = 50i x 1 x 10-4 = Si x 10-3 = CO where i is the 
current and C the specific couple of the suspension. 


“ 0=5 X 10-1 x 10-3/10-1° = 5 x 10-8 radian 


., deflection = 2 x 5 x 10-3 x 1,000 mm 
= 10mm = Icm. 


As in the previous Solution: 


1 kT 
~ C §2 a 
2 e 2 
1:38 x 10-23 x 300]4 . : 
§= eae) = 6-44 x 10-* radian 
Thus, 6°44 x 10-§ x 10°19 = 5i x 10° 
i.e. i= 1:29 x 10-8 A 


204. The carrier frequency 


1 1 
f= aMVLC 2nV50 X 10-* x 0-001 x 10-8 


*, sidebands are of frequencies 712 +. 10 ke/s, 


= 712 ke/s. 


i.e. frequency range occupied is 702 to 722 kc/s. 


205. Let amplitude of carrier current = J, then sidebands each 
have amplitude mi/2. 
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Power in carrier oc 1? = k]? say. 


272 
>» »  sidebands = k (=) «2. 
m2 
“. total power radiated = (carrier power) (1 + =), 
m2 
i.e. 8-932 = 82 (1 + m), 


m == 0-7 and percentage modulation = 70%. 


Let new aerial current be 7, when m = 0°8. 


0-87) . 
Then qT? = 82 1 + ee ry 1.€. L =. 9-19 A. 


206. As in the previous solution, total power radiated 
me 
= (carrier power) (1 + ™). 
me? 
10-125 = 9 (1 as =) i.e. m = 0°5. 


0-5" | (0-4? 
3 TF 


Radiated power = 9 (1 + = 10-845 kW. 


207. Let the values of m for the several frequencies be 77,, mg, mg, 
etc. Then m, + m, = mz +-, etc., must not exceed unity otherwise 
over-modulation will occur. 

Total power of all sidebands 


m2 m2 m,? 
= Carrier power {—— + + <r +, etc. }. 


Ze 
If m, + m,g+m3+..., etc, does not exceed unity then m,? 


+ m2 + m,? +, etc., is less than unity. 


total power of all sidebands < 4 x carrier power. 
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208. Let J, = A + aV, + bV,?. 
Let V, = E,sino,t + E, sin o,t. 
I,=A-+ aE, sinw,t + E, sin o,f) 
+ D(E, sin w,t + E, sin w,t)* 


b 
=A-+ 3B + E,2) + aE, sinw,t + aE, sin ,t 
— Ee cos 2w,t 


— SES cos 2w,t + bE,E, cos (w, — w,)t 


— bE,E, cos (w, + @,)t. 
Substituting the given values: 
I, = 10-2725 + 3 sinw,t 4- 10 sin w,t 
— 0:25 cos 2w,t — 0-0225 cos 2w,t 
+ 0°15 cos (w, — @,)f — 0-15 cos (w, + @,)t mA. 
where w, = 1,000t and w, = 4 x 10%. 


The carrier has an amplitude of 10 mA and the sidebands have 
amplitudes of 0-15 mA. 


= (2 x 0-15)/10 = 0-03. 


209. If f,, is the highest modulating frequency the highest side- 
band frequency is f, + f,,, where f, is the carrier frequency, and the 
lowest sideband frequency is f. — fin 


“. bandwidth of transmission is (f, + /,,) — (Ue —Sim) 
=2f,,=2 xX 3-4kc/s = 68 ke/s 
The upper sideband will extend from (104 kc/s + 300c/s) to 


(104 ke/s + 3-4 ke/s), ie. from 104-3 ke/s to 107-4 ke/s. 


The lower sideband will extend from (104 kc/s — 300 c/s) to 
(104 ke/s — 3:4 kc/s), i.e. from 103-7 ke/s to 100-6 ke/s. 


These frequencies will be present in the transmitted wave in addi- 
tion to the carrier frequency of 104 ke/s. 
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210. Let the carrier voltage be E, sin w,t and the audio-frequency 
voltage be E, sin w,t. 

Between the grid and cathode of valve (1) there is a voltage 
(EZ, sin w,t + E, sin o,f). 

Between the grid and cathode of valve (2) there is a voltage 
(E, sinw,t — E, sin w,f). 

.T, =1,+ aE, sinw,t + E, sinw,t) + b,(E, sinw,t + E, sinw,t)* 

and 

1, = 1, + aE, sinw,t — E,sinw,t) + b(E, sinw,t — E,sinw,t)*. 


In the output 7,, — J, results 


ie. 2aF, sinw,t + (> = *s) (E?2 + £4) 


~(2>* 5 ?2) (£2 cos 2u,t + B,2.c0s 2m, t) 
+ (b, + b)E,E,{cos (w, — w,)t — cos (w, + @,)t}. 


Therefore the carrier frequency is suppressed. 


211. The circuit arrangement of the anode-modulated Class-C 
amplifier is shown below. 


OUTPUT 


CARRIER 
n> 


MODULATION 
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e, == E, + e; a E,+ E, sin wt . e e (1) 


The amplitude of the r-f. current is directly proportional to the 
anode-supply voltage. This proportionality may be expressed as 


I, = ke, where k is aconstant . ; - Q) 
From (1) and (2) 
I, = kKE,A + msin@,t) : : ae ) ae 
where m= E/E, . ' : : : mC) 
The instantaneous r.f. current 
i, = I, sinw,t = KE,{(1 + msing,t)sinw,t . . 6) 


which is of the usual form. 
The r.f. voltage across the tank circuit is also proportional to the 
total anode-supply voltage, or 


E, = k'E,(1 + m sin @,t) where k’ is a constant . (6) 


Voltage v, is the algebraic sum of E,, E, sin w,t and e,. The maximum 
value of e, is k’(E, + E,) as seen from equation (6). In practice k’ 
is about 0-9. With m = 1 therefore the voltage v, can reach the value 
3-8E,. 

With no modulation the power developed in the tank circuit is 
the carrier power 


P, = (E,)?/2R, since E, is the peak value. . (7) 
With modulation the power delivered is 
2 2 
P=P, (1 EG =] = (k'E,)? (1 i mY for, . . @) 


Assume that the anode-supply current i, = k”e, where k” is a 
constant. 


i, = k"(E, + E, sin o,f) : 4 - (9) 
Average power from d.c. source is 
EI, = k"E,2 using (9) . oo. (10) 


Average power delivered by modulating transformer 
= $E(k"E,) =tk’nPE? : . (11) 
Total average power supplied by anode-supply source is 
Pi=kEZ + k"mMPEZ/2  . , . (12) 
Anode-circuit efficiency = P/P, = (k’)?/2k"R, . (13) 


16 


230 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


In the problem under consideration: 

(a) m = E,/E, = 1,400/2,000 = 0-7. 

(6) Maximum value of v, = (E, + EX + k’) = 3,400(1°9) 

= 6,460 V. 
(c) Power delivered by d.c. supply 
= E,I, = 2,000 x 200/1,000 = 400 W. 

(d) Power delivered by modulation transformer = E?k"/2. From 
equation (10) k”E,? = 400 W, so k” = 400/(2,000)?. 
.", power delivered by transformer = 98 W. 

(e) R.f. output power without modulation = 0:8 x 400 = 320 W. 

(f) R.f. output power with modulation = 320(1 + m?/2) = 398 W. 


(g) The modulating voltage E, causes the anode-supply current 
to have a component of amplitude k”E, in phase with E£,. Thus the 
load on the modulation transformer is effectively a resistor whose 


resistance is E,/k"E,, i.e. E,/k”E, = E,/I,. In this case the resistance 
= 2,000/0-2 = 10,000 Q. 


212. The solution to this problem can be found in certain standard 
textbooks.* 


213. The solution to the previous problem gives* 
i = I[J,(M) sin ct + J,(M){sin (c + a)t — sin (c — a)t} 
| + J(M){— sin (c + 2a)t + sin (c — 2a)t} 
+ J,(M){sin (c + 3a)t — sin (c — 3a)t} 
+ J,(M){— sin (c + 4a)t + sin (c — 4a)t} 
+... 
In this case M = 50/5 = 10 so that, disregarding signs 
JM) = 0-24, JM) = 0:05, J,(M) ~ 0°26, J,(M) = 0:05, etc., 
as are readily found from graphs of these functions.* 
*, carrier amplitude = 240uV/m and sideband amplitudes are 
50 wV/m, 260 uV/m, 50 uV/m, ete. 


* See, for example, L. B. Arguimbau and R. B. Adler, Vacuum Tube Circuits and 
Transistors, Wiley, 1956, Chapter 12, Section 11. 
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214. The solution to this problem can be found in certain standard 
textbooks.* 


215. The maximum permissible value for the time constant of a 
diode detector RC circuit is given by:T 


C < V1 — m3(Qaf)m. 
In this case, 220 x 10° x 100 x 10-42 < V1 — m?/(2m x 6,000) m. 
i.e. m <0°77. 


216. The solution to this problem can be found elsewhere} but 
the J,/V, relationship for a valve having two control grids is stated 
- without any discussion of why the relationship should hold. The 
reader can find such a discussion, however, in the book Thermionic 
Valve Circuits, by E. Williams.§ 


217. The oscillator frequency = 700 + 465 = 1,165 ke/s. 

Let I, = a + a,V, + a,V,? + a3V,? and assume V, = (E, cos w,t 
— E,,cos w,t) where s refers to the signal and h to the oscillator. 
The expansion of the a,V,° terms shows that there are eight fre- 
quencies in the output, namely f,, 3f,, fr, 3fn. 2fe + Se 2 — Sv 


2f; h +f 2p; h —fr 
Undesired-signal frequencies of 351, 816, 1,867 and 2,797 ke/s 


produce 2 kc/s whistles because: 
1,165 — 2 x 351 = 463 ke/s 
2 x 816 — 1,165 = 467 ke/s 
2 x 1,165 — 1,867 = 463 kc/s 
2,797 — 2 x 1,165 = 467 kc/s. 


218. (a) The oscillator circuit is as shown, where L is the tuning 
inductance, C, the coil self capacitance and C, the padding 
capacitance. 


* For example, see K. R. Sturley, Radio Receiver Design, Part 2, Chapman & Hall, 
drag p- 250. 
. D. Ryder, Electronic Fundamentals and Applications, Pitman, 3rd Edition, 
igek ‘pp. 493-4. 
¢ K. R. Sturley, Radio Receiver Design, Part 1, Chapman & Hall, 3rd Edition, 
1965, p. 430. 
§ E. Williams, Thermionic Valve Circuits, Pitman, 4th Edition, 1961, pp. 270-2. 
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The oscillator frequency 


C,C 
fra in ft(o+ 25) S ©: seth) 


This equation can be satisfied simultaneously for any two values 
Si, and f,, by a suitable choice of L and C,. Suppose that for these 
two frequencies C has values C, and C,. 


1 
Then Qnf;,) — L{C, ae CC) (C.. = Cy} : (2) 
1 
and (Qnf,)? = L{C, + C,C./(C, ++ C,)}. . . (3) 


From these two equations L and C, can be found. Let f,, and f, 
correspond to signal frequencies f, and /,. The most suitable 
values of f,, and f,, are those giving the least error over the frequency 
band and to find them the shape of the error/frequency curve must 


g 
ww j 
W 
| 2 
ee 
FREQUENCY 
xX=-I Xxz+t+/ 


be known. Assume the error/frequency curve is parabolic and that 
there are equal errors at the ends and centre of the range as illus- 
trated. Let frequency be represented by x and let x = — 1 when 
f=, the lowest frequency of the range and let x = + 1 when 
f=hf, the highest frequency of the range. The maximum error is 
d ke/s. 
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The general equation of the parabola is y = ax? + bx + c, but 
dy|dx = 0 when x = 0, y = d when x = + 1 and y = —d when 
x=0. 


the equation is y = d(2x? — 1). 
Thus the frequencies for zero error are given by x = + 1/ V2. 


So, = Se — 0-701 f, — fa) 
Sn =So + O-T07f, — fa): 
In this case, oe = 1,025 ke/s, f, = 550 ke/s and f, = 1,500 ke/s. 
So, = 689 ke/s and f,, = 1,361 ke/s. 


The capacitance required to tune the signal coil at these two 
frequencies can easily be calculated since the inductance is given as 
156 wH. Not all this tuning capacitance is found in the tuning 
capacitor itself. It is reasonable to assume that about 40 wuF is due 
to stray capacitance (of range switch, wiring, self-capacitance of 
coil, trimmer). Hence the actual value of tuning capacitance is found 
by subtracting 40 uuF from the calculated figures. Similarly assume 
the oscillator tuning circuit has 20 wuF stray capacitance (there is 
no trimmer here). 

The value of C at a signal frequency of 689 ke/s is therefore the 
calculated value 342 wuF — 40 wuF + 20 uwuF = 322 wpF = Cy. 


Similarly Cy = 67-6 uF. 
Assume Cy = 10 wuF. 
Also f;,, = Uf, + 465) ke/s and f;,, = (f,, + 465) kes. 
From equations (2) and (3), 
C, = 288 wuF and L = 117-3 wH. 


(b) The oscillator circuit is as shown, where C, is the trimmer 
capacitance. In the equations below C, 
represents the total capacitance across L, 
including self and stray capacitances. The 
method of solution is similar to that of 
(a). 

Zero error can now be obtained at three 
oscillator frequencies f,,,, fp, and f,, cor- 
responding to signal frequencies f,, f,, and f,,. Suppose that for 
these frequencies C has values C,, C, and C, respectively. 
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1 CLC, 
Then Conf, = LL lc, + C+G a a ‘ ‘ ~ @) 
1 CC. 
(2mf;,)® He I< a Cy + | a 
1 C,Cs 
and Qnf,)? Fo? L|c t TG Ci + | (3) 


From these equations L, C, and C, can be found. Proceeding as 
before we can now assume the error/frequency curve is cubic of the 
form illustrated. 


FREQUENCY 
—_——> 
Xe-} x=+] 


The general equation of the curve is 
y=ax'+ bx®+ex+d. ; C9) 


When x = 0, y = 0 and when x = F 1, y = + eo the equation 
reduces to 


y=ax®tex.. : . (5) 
and (a+c)=—e : : P . (6) 
At frequency f, where x = x,, dy/dx = 0. 
| Soe awe RD 
From (7), (5) and (6), since y = e atx = x, 
c= —3a/4_. , : ; . (8) 
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From (5) and (8), _y = ax(x* — 3/4) 


.. for zero error x =Oor + V3/4 


i.e. fot 
fu = fe - VEL. fa) 
and tan =fet VK —Si): 


In this case, fy = 550 ke/s, f, = 1,500 ke/s and f, = 1,025 kc/s, so 
fi, = 614 ke/s, f,, = 1,025 ke/s and f,, = 1,436 ke/s. 
Making the same assumptions as in (a) 


C, = 410°5 uuF, Cy = 134-58 uF and Cy = 58-74 wuF. 
Now fh, = (fz, + 465) ke/s, f,, = Ge, + 465) ke/s 
and Sig = Se, + 465) ke/s. 
”. from equations (1) to (3), 
Cy = 601 wuF, C, = 365 weF and L = 77-4 uH. 


219. Choose axes as shown. 


= 10° V/m 


aon, 


If the initial velocity of the electron was directed along the fields 
the magnetic field would exert no force on the electron. The electron 
would then move in a direction parallel to the fields with constant 
acceleration. If the initial velocity has a component perpendicular 
to the magnetic field, as in the present case, this component together 
with the magnetic field, will give rise to circular motion. Because of 
the field E the velocity along the fields changes with time so the 
resultant path of the electron is helical. 
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The velocity v can be resolved into two components v, and ,. 


Vy = 1:19 x 10? sin 30° = 5-95 x 108 m/sec 
vy = 1:19 x 107 cos 30° = 1:03 x 107 m/sec. 


The acceleration along the 
— Ydirection = a = eE/m = 1-759 x 104 m/sec?. 
The projection of the electron path on the XZ plane is a circle of 
radius 
r = mv,/eB = 5:95 x 10®/1-759 x 104% x 5 x 10-3 = 0-00677 m. 
The velocity along the fields is not constant but is given by 
vy = 1:03 x 10? m/sec — 1-759 x 1045 


and y, the distance moved = 1-03 x 10’t — 4 x 1-759 x 104522. 

The electron begins to move in the + Y direction but because the 
acceleration is along the — Y direction, it will gradually come to 
rest and will then reverse its motion in the Y direction. This reversal 
will occur after a time t’ for which v,’ = 0, 


i.e. t’ = 1:03 x 107/1-759 x 1015 = 5-86 x 10-® sec. 
The distance travelled in the + Y direction in this time t’ is 


y’ = 1:03 x 10? x 5:86 x 107° 
— +x 1:759 x 10% x (5:86 x 107%)? = 0-03 m. 


After the reversal of motion the electron continues moving in the 
— Y direction and does not reverse again. There is, of course, no 
reversal of the direction in which the electron traverses the circular 
component of its path. 

The angular velocity is constant 


B 
spe ~ = 1-759 x 104 x 5 x 10-3 = 8-8 x 108 radians/sec. 


The periodic time T = 27/w = 7:14 x 10-® sec. 


220. The force on an electron due to E is directed along the 
+ X axis. Any force due to the field B is always at right angles to B. 
Thus there is no component of force along the Y direction. 
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237 
_ The two following equations therefore hold: 
dv 
m= cE — ev,B . ; ; . (I) 
dv, 
sa a ev,B . : ' ; 7 (2) 
dv,  eBdv, _ dv, _ 5 
| From (1) ao ap aN ae — wv, from(2) . (3) 
where w = Be/m. 
The solution of equation (3) is of the form 
v, = Pcoswt+ Qsinot . ’ . (4) 


where P and Q are constants determined by the initial conditions 
that v, = v, = 0 whent = 0. 


P= 0, 
dv eE 
F 1)whent=0 —=— 
rom (1) when ait es 
Avy 
and from (4) when t = 0 Pi Qw 
sa u sa 
~ mo B y 
Thus, vz, =usinet . ; : : . (5) 
Using this in equation (1), 
1d 
v= u— 8 =u —ucosat . : . (6) 
From (5) x = fo, dt = Jusin wt dt = — = cos wt + constant. 
Since x = 0 when t = 0, constant = =. 


From (6) 
z= fv, dt = J(u — ucos cot) dt = ut — = sin wt + constant. 


Since z = 0 when ¢ = 0, constant = 0. 
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u u., 
Thus x = —(1 — cost) and z = ut — — sin wt. 
w w 


x 


=e ROLLING 
CIRCLE 


~«—  CYCLOIDAL 
PATH 


The electron path is a common cycloid, the path generated by a 
point on the circumference of a circle of radius u/w which rolls along 
a straight line, the Z axis, as shown. 


221. The axes are chosen as in Question 220. 

As shown in the previous solution the electron path is cycloidal 
in the XZ plane. The electron travels with constant velocity along the 
Y axis. 

Referring to the previous solution: 


w = eB/m = 1-759 x 10° radians/sec 
u = E/B = 108 m/sec. 


The time ¢ for which the electron is in the region between the 
plates = 0-02/10® = 2 x 10-8 sec. 
Angle 6 turned through in this time ¢ 
= wt = (1-759 x 10°\(2 x 10-*) = 35-18 radians 
= (31-42 + 3-76) radians = (107 + 3:76) radians, 


i.e. the electron enters upon its sixth revolution before leaving the _ 
plates. 


SOLUTION 222 239 


Referring to the previous solution and noting 3-76 radians = 
215°: 


x= “(1 — cos wt) = 0-0569 x 10-2(1 — cos 215°) 
= 1-035 x 10-3 m 
z= (u — ~ sin on) = 0:0569 x 10-9(35°18 — sin 215°) 


= 2-034 x 10-? m. 


.. distance from axis when electron leaves the region between the 
plates is Vx? + 2? = 2:04 x 10-7 m. 


222. The electric field E has two components E, = E sin 20° and 
E, = — Ecos 20°. 

It follows that the equations of motion are those given as (1) and 
(2) in the solution to Question 220 where E is replaced by 
— E sin 20° but the force in the Y direction is no longer zero but is 
e(E cos 20°). The equations for x and z are then those given at the 
end of the solution to Question 220 with E replaced by — E sin 20° 

2 
and the expression for y is vgyt + ; Ce where vp, is the 


initial velocity in the Y direction. 


-Z 


—X 


+Z 
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Thus, again, the projection of the path in the XZ plane is a 
common cycloid as shown. The equation of the cycloid is given by: 


eee || — cos wt) 
@ 


u : 
and — z= — (ot — sinwt) 
@ 


es Esin20° 5 x 108 x sin 20° 
— BO 10-8 
w = eB/m = 1-759 x 108 radians/sec. 


= 1°71 x 10° m/sec 


223. For equal sensitivities 
R= 1/wC = 1/27 x 50 x 2 x 10° Q = 1,592 Q. 
For differing sensitivities 
R = 1,592 x 0:55/0-45 = 1,946 QQ. 


224. Voltage range = (5 x 30 — 20) = 130 V. 
Length of time base = 130 x 0-8 mm = 10:4cm. 
If 7 is the time of the sweep, 


0-01 x 10-®§ x 130 = 1-5 x T x 107%. 
Frequency f= 1/T = 1,154 c/s. 


225. Charge on capacitor, Q = CV = IT = Iif. 

: frequency f = I/CV. 

Here V = (280 — 30) = 250 and I= 5 x 10-%, so that 
when f = 20 c/s, C = 1 wF and when f = 20 kc/s, C = 0-001 LF. 


226. Let v be the voltage across C at any instant. Displacement 
current at any instant i = dq/dt, 


a i = C dv/dt since g = Cv. 
Also, i= (E — e)/R. 
: v = E — CR dvjdt. 


SOLUTIONS 227-229 241 


If v = 0 when ¢ = 0 the solution of this equation is: 
v = E(1 — e~#CR), 
When t = 20 ms, v = 300{1 — e~ 20% 10-%/4x2,500x10" —_ 260 V. 
(Mean-square current) 


1 20 x 10-8 1 20x10-* (/300C 2 
a [2 dt = ——___. (>) -wr| dt 
20 x 103 | 20 x Te CR )* 


= {3,600} (mA)?, 
i.e. Root-mean-square current = 60 mA. 


227. The deflection at the screen* = VI(I/2 + L)/2Ed = 6, where 
l= 15cm, d=0-3cm, L = 20cm, E = 1,500 volts and V is the 
voltage applied to the deflector plates. 


V/6 = 2 x 1,500 x 0-3/1-5 x 20-75 = 28-9 V/cm. 


228. The deflection at the screent = H/Ve/2mE{[I/2 + L] = 6, 
where / = 0:015 m, L = 0-2 m, E = 1,500 V and H is the magnetic 
field produced by the poles. 


+, H/é = 10-015 x 0:2075V/1-759 x 10+2/3,000 = 0-042 Wb/m?/m. 


229. 4 mi? = 3kT 
Thus, when 7 = 273°K, 
2 = 3 x 1-38 x 10-3 x 273 
2 x 14 x 1:67 x 107?” 
i.e. 5 = 492 m/sec. 
See F. A. Benson, Electrical Engineering Problems with Solutions, Spon, 1954, 


pp. 219-20. 
+ ibid., pp. 220-1. 
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When T = 373°K, 
3 x 1:38 x 10-8 x 373 


52 


~ 2x 14 x 1-67 x 10-2? 


i.e. 0 = 575 m/sec. 


230. The fractional number of particles having velocities in the 
range v to v + dv is given by: 


dN, m \32 mov 
peal aes mead 2 oem 
W 4a (") vee 27 dp 


2kT 


The most probable velocity v, = os 


When v = v,: 


dN, m_ \%2 (=) 24 
a (75) oe ee 


4 (m\? _, 
= og (4) € dv 


. 2 /2kT 
inthis case dp = 2/240 
n 18 Case av 100 Ai 


dN, 4 (m)' ea 2 2kT 


N Van \kT 100 
= 00166. 
d Bie 2 

231. _o = (5) e — spp Pel + ey +2) dy dv, dv, 

so 
m 3/2 mx? oe) _ my? oO mv,e 

dN,=WN (7) e 2kT dv, i e 2kT dv, i e 2kT dv, 

Now | eds = Vx/B 


( eer dv, = V2kTa|m 


— fe 
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ad mv? aoe AR ae 
and * eet dv, = V2kTx/m 


=n (5% -) e Er a (2kTx/m) 


_ mv 
=" (sn) BF, “) e 2kT dv, 


Now V_ == (2kT/m)* 
m 
d Elan —0,2/v,% 
ees (si) cs 
N ( 1 ~~ 2} 3 
= —=|—]e~"!» dv 
Va \Vy 
Let W = U,/Vp 
Then dw = dv,|v, 


dN, = Ne-™ do|Wx 


232. First find the number of molecules with velocity v perpen- 
dicular to the wall of the box that strike the wall in unit time. 

Let the wall be perpendicular to v,. In unit time distance moved is 
Dye 


number striking unit area of wall = dN, v, 


so number with velocity greater than v is 


[] N 00 
d. =— ~ Od 
{ Nn Vx Je [. e wv, 


= Noy | * = No, ely)? 
2 ojv, 2a 


= Nv,e7 2/7 


233. Number striking unit area of wall per second = v, dN,. 
Partial pressure = (2mv,) v, dN, 


total pressure 2 n(x" o ) y (- ake =) 2? dv, 
P De Ok). lo NORE 
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Put mv,2/2kT = 3%, i.e. v, = sV2kT/m 


$ (oe) 
p= 2mN ("1 ae pa exp (—s*)s*ds 
m m 90 


QrkT. 
ae aed { exp (—s*) s? ds 
Now ic e 88" ds = i 
ey B 
i ; s2 @F8* ds = vm) 
ees pv B 


When f = 1, i se-* ds = a/ 71/4 
0 
p = NkT. 


234. The electrons which escape in unit time are those with a 
velocity v, such that 4mv,? > ¢, i.e. v,2 > 26/m 


Nv, 


Nov 2 Bfyy 2 
number = Soni e® = — e@ “x [Py 
20/7 24/7 
= Nv, ¢-26/mo,? 
2/a 


where v,? = 2kT/m 


ae N 2kT —2md/m2kT 
number = i fee e 
N_ Pk yz 
— [HK A/T e-slkT 
Wann * 
= AVT e okt 


N /2k 
where A= xe 
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1 3/2 
| 235. dNy = 2nN ( -) EV2 @— ERT dp 


1 3/2 oe) 
Mean energy = 27 (1 { E®? e— ERT gE 
wkT. 0 


Put E/kT = x®, then dE/kT = 2x dx and E®” = (kT)*? x8 


mean energy = 27 ()" (kT)°? i” x3 e-*'2xdx(kT) 
) 


wkT. 
1 3/2 fo) 
= 47 (*) er [ xte~* dx 
7 0 
But { xte-™ dx = 34/x/8 
0 


mean energy = 3k7/2 


E12 e—/kT is a maximum for most probable energy. 


Write y = E'% eB, 
dy 1/2 .—E/kT 1 1/2 ,—E/kT : 
Then 7B E’“e ~<a) +4E-**e = 0 for maximum 
E _ 1 
kT 2 


most probable energy = kT/2 


3kT/2 = 1-602 x 10-39 


1-602 x 10-29 x 2 


= CO ° 
3 x 1:38 x 10-8 7,140" 


236. (a) The kinetic energy 4mv? = Ve. 
4 x 9-107 x 10-8! x v? = 11-6 x 1-602 x 10-19 
where v is in m/sec. 
v = 2:02 x 108 m/sec. 
(b) Excess energy 

= 4 x 9-107 x 10-34 x (2-02 x 10%)? — 10-4 x 1-602 x 10-19 

= 9-107 x 10-%y?. 
v = 0-459 x 10° m/sec. 


17 
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(c) Let the field strength be x volts/em. Then the acceleration | 
imparted to the electron is xe/m. If v is the electron velocity acquired 
in a distance s cm, | 


v? = 2xes/m 
But v? = 21-5 x 2 x e/m. 
x = 21:5/s = 21-5/0:079 = 272 V/cm. 
(d) Ifanelectron falls from an energy level W, to another level 
W,, then W, — W, = hf where h is Planck’s constant and fis the 
frequency of the emitted radiation. The wavelength of the emitted 


radiation is in A given by 12,400/(W, — W,). 
In this case the two wavelengths A, and A, are given by: 


A, = 12,400/(7-93 — 6-71) and A, = 12,400/6-71 
ive. 1, = 10,160 A and A, = 1,848 A. - 


237. ap = 15 ¢~ 850/E 


For maximum multiplication da/dp = 0. 
This requires that: 


15 p(— 350/E) e— 07/F +. 15 @—S50r/E _. Q 
or 350 p/E = 1 
In this case, E = 100 V/cm, so p = (100/350) mm Hg 
i.e. p= 0-29 mm Hg | 

Multiplication = e 
where a = 15 pe P/F and d= 1 cm. 
aw = 15 X 0:29 e-(850x0-29/100) _. 1.57 

and multiplication = 4-81. 


Average energy/ion pair = E/a = 64 eV. | 


238. Suppose 7 electrons/sec are released from the cathode by 
external means. Consider a plane distant x from the cathode. 

Number of electrons crossing this plane/sec (2) = mg + number 
produced in x. 


SOLUTION 238 , 247 


The n electrons produce in a further distance dx an additional 
number of electrons dn = o ndx, where « is Townsend’s first ionization 
coefficient. Hence, 


Le. n= ne. 
Thus, the value of the current i for a given point on the current/x 


characteristic = ije*”, where i, is the current produced at the cathode 
by external means. 

Experimentally it is found that a log plot of i against x does not 
give a straight line but increases faster than exponentially with ~. 
This is attributed nowadays to secondary emission from the cathode. 
The theory above works well, however, for small currents. 


Now let n, = the number of electrons to the anode/sec; 
n, = the number of electrons released from the cathode/ 
sec by positive-ion bombardment; 


and y = secondary emission coefficient at the cathode, i.e. 
the number of electrons from the cathode/ 
incident ion. 


Thus, Ng = (Mp + n+)e4 
where d is the anode-cathode spacing. 
Also, 14. = y{tq — (% + 14)}- 
Ng = me/{l — ye — Dj, 
or ig = ine™4/{1 — y(e* — 1)}. 
Here, from a plot of log, J against x, for 0 < x <0-8cm, the 
slope « = 3/cm. 


Also, log, ip = 0, SO ip = 1 UMA. 
If d = 1-6 cm, from the above expression for i,: 


200 = ef 8/{1 — y(e*® — 1}. 
y = 0-0033. 
From the above expression for current i, it is seen that i, > 0 if 


y(e* — 1) = 1, or if 4 = (y + D/y. Usually y <1, so for break- 
down ye“4 ~ 1. Here 0-0033 e*4 ~ 1, sod~1:91cm, ~ 
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239. At breakdown, y e*? = 1 . 
so 0:02 e®°* = 1 
i.e. 0°5 a = loge 50 

a == 7:82 cm 

At 200 V, with d = 2-5 mm, « is the same since E is unaltered 
e782 x 0-25 
1 — 0-02(e782*025 — 1) 
= 8-06. 


— 


multiplication = 


240. The theory of probes and details of probe measurements can 
be found in many textbooks.* 
The electron current J,, corresponding to a probe current J,, is 


given by: 
L=1,+1,=1, + 0:08, 
where J, is the saturation value of the positive-ion current. 

The slope of the log, I,/V,, graph is found to be 0-65/volt and this 
equals e/kKT,, where k is Boltzmann’s constant and T, is the electron 
temperature. 

Thus, in this case, 


T, = 1-602 x 10-19/0-65 x 1-38 x 10-73 = 17,800°K 


The random electron current density 
J, = I,/A = 36-4/0-033 = 1,100 mA/cm? = 1-1 x 10* A/m?. 
Therefore, 1-1 x 104 = eN,WKT,/20m, 
where N, is the electron concentration and m is the electron mass, 
ie. 1-1 x 104 
— N,. 1-602 x 10-190/1-38 x 10-88 x 17,800/27 x 9:107 x 10-8 
N, = 3:3 X 1027/m3 = 33 x 104/c.c. 


Plasma potential = —11V, so E= (11 —5)/12 = 0-5 V/cm, 
where E is the voltage gradient. 


* For example, see J. Millman and S. Seely, Electronics, McGraw-Hill, 2nd 
Edition, 1951, pp. 286-9; P. Parker, Electronics, Arnold, 1950, pp. 637-44; and 
F. G. Spreadbury, Electronics, Pitman, 1947, pp. 93-8. 
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The drift current density = 1-1/6 A/cm? = 0-18 A/cm?. 
Mobility of electrons = 0-18/N,eE 
= 0-18/3-3 x 10% x 1-602 x 10- x 0-5 
= 6:8 x 106 cm/sec/V/cm. 


241. 0-25 = e~22kTe 
so 2-2/kTe = loge 4 
from which 7, = 18,200°K. 
Jee = 18 X 10-8/0-025 = 0-72 A/cm? 


T 
so that 104 x 0-72 =e Ne ge 
27m 


or Ne = 2°15 x 1017 m-3 


242. The current J at any point x can be represented by 
I — Leo = Kd = Ax ee -)s 


where /, is the current at x = 0 and A = QN. Nis the number of 
particles/unit volume and Q is the total collision cross-section. 
Here, Ax = 1/10 and x = 20cm, so A = 1/200. N= 2-7 x 10 
(p/760), where p is the gas pressure in mm. of mercury. 


1/200 = 10-16 x 2-7 x 10'*p/760) so p = 1-405 x 107%. 


ne® 
243. h= J — cfs. 


At 8mm, fp = 3°75 x 10! c/s, son = 1-75 x 104% cm 
At 3.cm, fg = 101° c/s, son = 1:24 x 10% cm. 
If concentration is my at t = 0, then at time f: 


1-75 x 10! = no/(1 ++ m « 5*7 X 10) 
and 1-24 x 102 = mf(1 + mp & 81 X 10-5) 


aco 10-8 
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244. (a) Light is considered as composed of particles of energy 
hf so that electron emission is possible only if the frequency of the | 
impinging light is greater than the ‘threshold’ value /, = ed/h; 
where ¢ is the work function in electron volts, e is the charge on the 


electron and hf is Planck’s constant. 
12,400 
Corresponding threshold wavelength 2, = 5 = ae A. 
In this case ¢ must be less than 12,400/8,000 = 1-55 eV. 
For caesium, A, = (12,400/1-8) A = 6,890 A. 


(b) The electron-volt equivalent of the energy of the incident 
photons is 12,400/2,537, i.e. 4-89 eV. 
According to Einstein* the maximum energy of the emitted 
electrons is 4-89 — 4-3 = 0-59 eV. 
The maximum velocity 


v= J 2 -E = 5:93 x 105VE m/sec 


= 5:93 x 1050-59 m/sec 
= 4:56 x 10° m/sec. 


245. If the charge/unit length of electrode is Q, then 
b 
E= Q/2rreg and V= [ E dr = Q log, (b/a)/27ép, 


where a and 0 are the anode and cathode radii respectively and r is 
any radius between a and b. 
E = Vir log, (b/a) 
Let the number of ion pairs be 7 at any point. Then, 
dn[n = Ape™ ¥” log.(b/a)r/V dp 
Here A = 13-6, B=17:3 x 13:6 ~ 235, b/a = 20, 
so log, (bla) ~3 and p=1 
dn][n = 13-6 e~?85*3rlV dr, 


b 
and log, (n/m) = 136 [ e— V05rlV dp 


* A. Einstein, ‘Uber einen die Erzeugung und Verwandlung des Lichtes betreffen- 
den heuristischen Gesichtspunkt,’ Ann. Physik., 17, 32, 1905. 


SOLUTIONS 246-250 , 251 


Write 705r/V = s, then 705 dr/V = ds, so 


705/V 
log, (1/M) = 13-6 i e-*(V/705) ds 
705/207 


— (13-6 V/705){e— 705/207 ae cas ke 
~» (V/52)e~ 2°37, 


246. Sensitivity = (24 x 5®) uA/lumen 
| = 375 mA/lumen. 
Let maximum safe illumination = x lumens. 
x X 375 = 3 
1.e. x = 8 millilumens. 


247. The number of lumens L of light flux falling on an area A 
of a surface at a distance d from a point source of light of candle- 
power C is CA/d?. Any units of length may be used provided they 
are the same for A and d?. ; 

In this case L = 180 x 19-35/91-42 = 0-417 lumen. 

From the R, = 600Q characteristic 0-417 lumen gives a current 
of 120 uA. 


248. It is easily shown* that the conductive component G of the 
input admittance is w*L,C,,g,, where L, is the cathode-lead induc- 
tance, C,, is the input capacitance, w is (27 x frequency) and g,, is 
the mutual conductance. 

Here w = 27 x 200 x 106, L, = 10-°H, C,, = 10 x 10-* F, 
and g,, = 2 x 10-* mho. 


G = 316 micromhos. 


249. The solution to this problem can be found elsewhere. 


250. The solution to this problem can be found elsewhere.} 


* See K. R. Spangenberg, Vacuum Tubes, McGraw-Hill, 1948, p. 479; or A. T. Starr, 
Telecommunications, Pitman, 1954, p. 235. 

+ See, for example, P. Parker, Electronics, Arnold, 1950, pp. 50-3 and pp. 980-2; 
or R. Latham, A. H. King, L. Rushforth, The Magnetron, Chapman & Hall, 1952, 
Section 6.4.2. 

t See, for example, P. Parker, Electronics, Arnold, 1950, Section 111. 
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251. The solution to this problem can be found elsewhere.* 


252. The solution to this problem can be found elsewhere. 


253. 
R + joL = 10-4 + 75,000 x 3-67 x 10-8 = 10-4 + 18-35 


= 21-08/60° 27’ Q. 
G + jwC = 0°8 x 10-® + 75,000 x 0:00835 x 10-8 
= (0:8 + j41-75)10-§ = 41-76/88° 55’ x 10-6 mho. 
Characteristic impedance 


R + joL ‘ 
= = pos 4° 4’ = 7 Q. 
Z = pee Sue = 711/—14°1 (689 j175) 


Propagation constant P = V(R + jwL)\(G + jwC) = « + jp, 
where « is the attenuation constant and f is the wavelength or phase 
constant. 


P= 0-0297/74° 41’ = 0:00785 +- j0-0287 
a = 0:00785 neper/mile 
and 6 = 0:0287 radian/mile. 
The wavelength 
A = 2n/B = 219 miles. 
Velocity of propagation 
v = fA = w/B = 5,000/0-0287 = 174,300 miles/sec. 


254. Since the line is terminated by Z) the input impedance is 
also Zp. 
Input current when connected to generator (i,) 


= 2/(600 + 689 — 7175) A = 0-001539/7° 44’ A 


* See, for example, J. Millman and S. Seely, Electronics, McGraw-Hill, 1951, 
pp. 80-2. See also, P. Parker, Electronics, Arnold, 1950, Section 107. 

t See W. W. Harman, Fundamentals of Electronic Motion, McGraw-Hill, 1953, 
pp. 207-15. 
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Current at receiving end (i,) 
= i,e~?' where / is 300 miles = 0-0001458/— 485° 16’ A. 
Voltage across load = i,Zp = 0°1036/— 499° 30’ V. 


255. In this case 
R + joL = 10-4 + j18-35 + (7-3 + j5,000 x 0-246)/7-88 
= 11-32 + 7174-35 = 174-35/86° 18’ O 
G + joC = 41-76/88° 55 x 10-§ mho. 
Zo = (ates = 2,038/— 1° 19° Q 
P = 0-0036 + j0-0850 = « + jB 
A = 22/6 = 74 miles 
= w/B = 58,800 miles/sec. 


256.  Z,) = 689 — 175 = 711/— 14° 147 Q 
a =0-00785 .. af = 0-785 and e# = 2-192 
B =0-0287.*. Bl = 2:87 radians = 164° 20’. 
Load impedance = 500/45° = (353-5 + j353°5)Q = Z,. 
Assume the initial voltage at the sending end is 1 jo V = E,. Then 
the receiving-end voltage due to this is E, = (1 [2-192)/— 164° 20’ 
= 0:456/— 164° 20’ = (— 0-440 — 70-123) V. 
Reflected-wave voltage at receiving-end is 
E, = E{Z, — Zo) (Z, + Zo) 
E,’ = 0-270/— 51° 36’ = (0-168 — j0-211) V. 
Voltage at receiving end due to E,’ is 
0-270/— 51° 36’ 


ET . _ 9.123/— 215° 56’ = (— 0-10 +. j0-072)V. 
Br = 9.192/164° 20 ela gue a 
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Let J, be the component of the sending-end current due to E,, then 
I, = 1/(711 /— 14° 14’) = 1-407 x 10-8/14° 14’ . 
— (1-364 + j0-347)10-3 A. 
If J,” is the component of the sending-end current due to E,”, then 
0-123/— 215° 56’ 
= Wilf 14 x 1/180° = 0-173 x 10-8/— 21° 42’ 
= (0-161 — j0-064)10-2 A. 
Sending-end voltage is 
E, + E,” = 1 — 0:10 + j0-072 = (0-9 + 70-072) 
= 0-9/4° 35’ V. 
Sending-end current is 
I, + I,” = (1-364 -+ j0-347)10-% + (0-161 — j0-064)10-8 
= (1-525 + j0-283)10-3 = 1- us 30’ A. 
Receiving-end voltage is 
E, + E,’ = (— 0-440 — j0-123) + (0-168 — 70-211) 
= (— 0-272 — j0-334) = 0-431/230 ° 52’ V. 


Input impedance of line 


Reka er eee 
* 1:55/10° 30’ [hae 
‘= (576 — j60) Q. 
Actual sending-end volta e= — seat = 0-986 V 
oF = | 600 + Z, 


Since the original assumption that E, = | [0 gavea value of sending- 
end voltage of 0:9 V, 


0-431 x 0-986 


|E, + E,'| = 0 = 0-472 V = receiving-end voltage 
| E,+,| ay alc 
d I, ee —— = 944 : 

an [Z| = IZ 500 ) “= 944: mA 
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257. 


The actual circuit (above) can be replaced, using Thévenin’s 
Theorem, by the one shown below. 


> 1002. 
i 
1 —— 
_ OX Be | —s1,s92 
(10 +704 =.) 80 — 1992 
| joc. 
Z=—— x 80 / ( 14 30) = — 80(j159-2)/(80 — j159-2) 
joc jac 7 J J 


load current = E/(Z + 100 + jwL) = 0-71 mA. 


258 Ria Le 
. ox ; Ct 
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0*0 i Ci 
=: mee, 7 el and 
ox? Ox 2 Oxot 
Oi = ov 
Oxot Ot 
Ov ov 


Assume V = V, sin (1x/De~” 
ey a av 
axe” 
m/l? = —RG + yLG 
so y = RIL + 7*/LGP 


259. The line must be half a wavelength long. 
In free-space the wavelength corresponding to 20 Mc/s is 15 m. 


*, if e is the permittivity of the dielectric 5 = 7-5/Ve, 
Le, é = 2:25. 

For a short-circuited line of length / the input impedance 
Z, = Zp, tanh PI. 

For an open-circuited line of length / the input impedance 
Z, = Z, coth Pl 

Z,Zo = 2)’. 
In this case Z= Vv 4-61 x 1,390 = 809. 


4-61 


— 2 ty = Soe 
Also, Z,/Z. = tanh? P/,_ .. tanh P/ Fi 1,390 


= 0-05758. 


0-05758 
The attenuation constant = nepers/m = 0:1 db/m. 


Velocity of propagation = velocity of light/Ve = 2 x 108 m/sec. 


SOLUTIONS 260-262 257 


260. If a line with a characteristic impedance Z, is terminated by 
an impedance Z, the voltage reflection coefficient pe” is 
(Zy, —Z)\(Zr, + Z,)- 

Let the voltage of the wave travelling towards the load be 
V cos w(t + x/v) at a distance x from the load. Then the voltage at 
the load due to this wave is V cos wt. Thus, at a distance x from the 
load, the reflected wave is pV cos {w(t — x/v) + 6}. The total voltage 


at distance x = V, =Vcos@|{t + = + pV cos {a(t — x/v) + 6}. 


The amplitude of V, = |V,| = VV1 + p? + 2p cos (0 — 2wx/v). 
Voltage standing-wave ratio (as a quantity > 1) 
|Volmax 1+ p 
| Voe| main = p 
Also, position of first voltage maximum is given by 9 — 2wx/v = 0, 
i.e. when 6 = 4nx/d. 
In this case 
p72 So pH(r—-D/Tt+YD= 1/3 
x=ANI2 2. O=n]3. 


=f 


eho58 
(Z, —ZM(Zp + Z,) =pe® 2. ZZ, = 1 ost 
eitl8 
73 _8+sv3 
x" rr a 
3 


Z,, = 708 + j3V3)/7 = 80 + j52Q. 
261. The solution to this problem can be found elsewhere.* 


262. Normalized terminating impedance 
== (37:5 + j52°5)/75 = 0°5 + j0-7. 
This point (A) can be located on either the Cartesian or Smith 
Charts (not shown). 
On the Cartesian Chart, at A the values of u and v are: 
Uy = 0:325, vp = 0-114. 


* See W. Jackson, High Frequency Transmission Lines, Methuen, 3rd Edition, 1958, 
Chapter 6. 
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At the input B: u, = 0-325 since there is no loss and 
v, = O-11A + 0-304 = 0-414. 
B corresponds to z = 0-42 — j0°55. 


Hence, input impedance = 75(0-42 — j0°55) = (31-5 — j41-2) Q. 

On the Smith Chart the value of u need not be found since the u 
circles are all centred at the origin of the chart. Hence, movement 
of point A on the circle centred at the origin through a distance 
0-34 towards the generator locates point B. Again B corresponds to 
z = 0:42 — j0-55 and so the input impedance is (31-5 — 41-2) Q. 

The Cartesian diagram will now be used to find the input impe- 
dance when the loss in the line is 1-15 db. 


1-15 db = 1-15/8-686 = 0-132 neper. 


Hence, input impedance is located at a point B’ for which 
v,! = vp + 030A = 0-412 and uy’ = uy + 0:132 = 0-457. Point B’ 
gives z= (0:56 — j0-48), i.e. input impedance = (42 — /36) Q. 

In using the Smith Chart to solve this part of the problem the 
value of uy can be read off the pre-calibrated cursor to be 2-85 db. 
Then wu,’ = uy + 1:15 db = 4-0 db. Point B’ is then located at the 
intersection of the 4 db circle and the 0-414 line.* 

The voltage standing-wave ratio existing in the line is equal to the 
intercept of the u circle on the resistive axis, i.e. 0-315. 


263. The input impedance (Z,) of a finite short-circuited line of 
length / is Z) tanh P/, where P = « + jf is the propagation constant. 

If 1] = nd/4 where n is an odd integer and A is the wavelength, 
Z, = Z,/tanh a! which is approximately Z/a/. 

Now « is approximately R/2Zp. 


Zi = 8Z,7/ Rnd 
R = 41-6V f[l/a + 1/b]10-7 Q/m 
’, ifn = 1, in this case, Z, = 248,600 Q. 
* Further information on transmission-line charts can be found in: W. Jackson 
and L. G. H. Huxley, ‘The Solution of Transmission Line Problems by Use of the 


Circle Diagram of Impedance,’ J..E.E., 91, Part III, p. 105, 1944, and P. H. Smith, 
‘Transmission Line Calculator,’ Electronics, 12, p. 29, January, 1939. 
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264. The selectivity of a parallel tuned circuit may be expressed 
in terms of the ‘Q’ of the coil; and, by analogy, an expression for the 
‘Q’ of a resonant line may be obtained. 


Consider the parallel tuned circuit shown. Its impedance 
R + joL 
1 —@*LC + joCR 


At resonance wp2LC = 1 and Q =wplL/R is large compared 
with 1, hence 


Z= (1) 


Zr is approximately L/CR . : . (2) 

Now the impedance at wp + dw near resonance is 
Z = jL(wz + 60)/[f@p + 60)CR — 2wpdoLC] —.. (3) 
Z=Z,Al —j2Qdvlon) . «. « 4) 


The impedance of a short-circuited A/4 line at resonance is 
Zr = Z,/«l, as mentioned in the previous solution, and its impedance 
in general is Z = Z, tanh (« + jf)/, where B = 2nf/c = wp/c andc 
is the velocity of light. 

When operation is at wp + da, 


B = @pz + d0)/c = 2n/A + do/e 
Bl= 2/2 +1. doe. 


Z = Z, tanh (@l + jdw . Ife + ja/2) . : . (5) 
Since a/ and dw . J/c are small: 
Z =Zpll —jAwpgi2ca)dofop]. =. Ss (8) 


Now equations (4) and (6) are of the same form so the Q of the 
resonant line is 


Wpl2ca = flac = 2nfZy/Re . i . (7) 
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Substituting for Z, and R and putting in the values of the constants 
gives: 
O = 1,468. 


265. For a short-circuited line Z, = Z, tanh («/ + jf), where « 
is the attenuation constant and # is the phase constant. 
Expanding and manipulating: 


Z, = Z,{sinh 2al + j sin 26]}/{cosh 2al + cos 267} 
But, as «/ is small, cosh 2«/ ~ 1 and sinh 2 a] ~ 2a/ 
.. Z, = Zy{al/cos* Bl +- j tan Bl}. 
Now « ~ R/2Z, so, 
Z, = Re(l/A)[2f cos? 2(l/a) + JZ tan (27l/A). 
In the case of ordinary reactances, the change of reactance AX 


produced by a fractional change of frequency Af/fis AX = X. Afff. 
In the case of the above line, X¥ = Z, tan (27/1/A) = Z, tan (2zfl/c) 


dX = 2x(1/AZ)(a4f[f)/cos* (2zl/ A). 


Multiplying both numerator and denominator by tan (27//A) and 
reducing gives 


dX = 4n(I/A)\(af[f) X/sin (4zl/A) 
Selectivity factor of line reactance = 4A 
Selectivity factor of lumped reactance sin (477//A) 
When /J/A = 0-2 this ratio is 4-28. 


266. The attenuation in a coaxial line is given by Jackson* as: 


a= 9-95 x 10-°V FV e/eo{1/aV'o, + 1/bV op} [logo (b/a) 
+ 9:10 x 10-*Ve/egf tan 6 db/m 


where fis the frequency in c/s, €/é9 is the ratio of the permittivity of 
the line dielectric to that of air, a and b are the radii of the inner and 
outer conductors respectively in metres, o, and o, are the conduc- 
tivities of the inner and outer conductors in mhos/metre cube and 
tan 6 is the power factor of the dielectric. 


* See W. Jackson, High Frequency Transmission Lines, Methuen, 3rd Edition, 1958, 
p. 50. 
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Here o, = 5-62 x 10? mhos/metre cube, o, = 1-54 x 10’ mhos/ 
metre cube, a = 5°65 x 10 m, b = 3:97 x 10-° m, é/e) = 1, and 
tan 6 = 0. 


eee 
The characteristic impedance of a coaxial line is also given by 
Jackson* as: 
Zo = 138V go/é logy, (b/a) ohms 
= 1170. 


267. Using the expression quoted in the previous solution and 
remembering that ¢/e) = 2:25 and tan 6 = 0-0004 it is found that, 


a = 0-977 db/m and Z) = 78 Q. 


268. The formulae for calculating the characteristic impedance Zp 
and the attenuation « are given by Blackband and Brown.t 


a = 8-686 tanh? V ginin/2max db. 
From the circle (given with the problem), 
Zmin = 0°489, Pmax = 1:202, so a = 6:55 db. 
Zy = ZV. Prins Pinus where Z,’ is the characteristic impedance of 
the measuring line. 
Zy = 75/V0-489 x 1:202 = 97:8 Q. 


269. The zero-susceptance points are seen from the circle (given 
with the problem) to be g’min = 0°492 and g’max = 1:198. 
a and Z, are now calculated as in the previous solution. 
a = 6:60 db. 
Zo = 97-7 Q. 


270. A quarter-wavelength section of line of characteristic 
impedance Zy = (V150 x 75)Q, i.e. 106Q provides the desired 
transformation, eliminating a reflected wave on the 75 Q line. 


* W. Jackson, High Frequency Transmission Lines, Methuen, 1945, p. 46. 
- ¢ W. T. Blackband and D R. Brown, ‘The Two-point Method of Measuring 
Characteristic Impedance and Attenuation of Cables at 3,000 Mc/s,’ J..E.E., 93, 
Part IIa, p. 1383, 1946. 
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271. The admittance of the load = 1/(100 + j100) mho. 
. = (1 — j)/200 mho. | 
Susceptance of load is thus (— j/200) mho, so that of the stub must 
be (+ j/200) mho. The conductance.of the load is then (1/200) mho, 
i.e. the load resistance = 200 Q. To match this load. to a.line of 
characteristic impedance 500/0° Q, the quarter-wave line must have 
an impedance of V'500 x 200 = 316. 


The susceptance of a short-circuited line of characteristic im- 
pedance Z, and length / is 


— j/Zo tan Bl = — j/Z, tan (2zl/A). 


Thus, — j/Z tan (21/4) = 7/200. 
tan (2nfl/c) = — 200/Z, = — 200/316 = 0-6328 
| 2nfi[c = 2-578 radians. | 
Now f= 100 x 108 c/s, c= 3 X 108 m/sec, so the minimum 


length of line / is 2-578 x 3 x 108/2m x 108 = 1-23 m. 


_.272. For the explanation asked for see the book by Kraus.* 


273. The mesh equations are: 


V,=60,-50, . . . . @ 
90i,=50,+20,. . . . @ 
801,=20,+10,. . . . Q) 
Ve=10,—-h) . . . . 4 


If I, and I, are eliminated two equations remain which can be put 
in the form: 


V,= AV» + Bl and I,=CV,+ Dh 
where A = 20:8, B = 179 Q, C = 0-68 mho and D = 5-9. 


* J. D. Kraus, Electromagnetics, McGraw-Hill, 1953, pp. 439-441. 
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274. Let the network be represented by the T-section shown. If 
the image impedance Z;, is connected across terminals 3 and 4 the 
impedance measured between | and 2 is also Z,. 


> Sac 


2- 
Z2=ZAL+2Z%/Z) + + + Q) 


If the current flowing into 1, 2 is i, and the current flowing out 
of 3, 4 is i,, the image transfer constant is given by 


e*® = ii, ; ‘ : . (2) 
Voltage across terminals 3 and 4 = i,Z; 
Voltage across Z, = i(Z; + Z,) . | 
ae Current in Z, = i,(Z; + Z.)/Z = i, — ig (3) 
From (2) and (3), ~ 


”. from (1) and (4), oa: 
Ze=ZAL+AZIZet+ VP —Y} - + 


2002. 146-82. 146-82 


C oe 


In this case 9 = 0-5 and Z, = 600Q .. Z, = 1468Q. 
Also = Ze = ZZ JZ, + Ye* — 1) = 1,153Q. 
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R 146-82. 


@ 1,000.2. 


rT, 


Using Thévenin’s Theorem, the network can be replaced by the 
one shown where 


E = 10 x 1,153/(1,153 + 200 + 1468) = 7:68 V 
and R= 1,153 x 346:8/(1,153 + 346:8) = 266. 
I;, = 7-68/(266 + 146°8 + 1,000) = 5:44 mA. 


275. The conditions for zero output are:* 
co = 1/R3C,C,(R, + Re) and w* = (C, + Cy)/(CyCaC3R, Re). 
In this case f = w/27 = 1,240 c/s. 


276. (a) With the output short-circuited, 
Lee = Ry + R,R,/ (R,; + Ra) 
ae »» Open-circuited, Z,, = R, + R, 
Ze =Z,.Leo = Ry + 2R,Re 
and tanh? 6 = Z,,/Z,, = (Ri? + 2R,R.)/(Ri + Re). 
It follows that R, = Z,/sinh 0 and R, = Z, tanh (6/2). 
If N is the voltage ratio = e®, 
R, = Z{N — 1)/(N + 1) and R, = 2NZ,/(N? — 1). 
When the loss is 10 db, N = 3-162; also Z; = 600Q 
R, = 311-8Q and R, = 421-6Q. 
When the loss is 20 db, N = 10; also Z; = 600Q 
R, = 491.Q and R, = 121. 


* A. T. Starr, Electronics, Pitman, 2nd Edition, 1959, pp. 155—6. 
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(b) Let the elements of the attenuator have resistances (R,/2) and 
R, as illustrated. 


R/2 R/2 
Re 
R./2 Rf 2 
Then, 600 = V.R,(R, + 2R,) » 
and a = cosh"'(1 + R,/R,) ' ‘ . (2) 
From (1), 600 = 480(480 + R,) 
R, = 1350 


480 
From (2) « = cosh} (1 + =a) nepers 


= 19-1 dB 


277. With terminals 3 and 4 open-circuited: 


Z,+Z, = (2504+ /f100Q . ; . 

With terminals 3 and 4 short-circuited: 
Z,+2Z,Z,\(Z, + Z,) = (400 + j300)Q . . (2) 

With terminals 1 and 2 open-circuited : 
Z,+Z,= 2000 . ; , . (GB) 


From (1), (2) and (3): 
Z, = (150 + 7300) Q, 
Z, = (100 + 7200) 2, 
Z, = (100 — j200) Q. 
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278. The solution to this problem has been given elsewhere.* 


279. The equations relating the input voltage V, and current J, 
with the output voltage V, and current J, are: 


V, = AV, + Bly 
= CV,+ DI, 
For circuit (a), V, = V,4+ ZI, 
and L=f, ; 
Comparing equations (1) and (3), also (2) and (4), 
A=1, B=Zohms, C=0, D=1. 


The transfer matrix [A] is therefore E Ar 


For circuit (5), 
and 


V,=V, . 
L= YV,+ Ip 


Comparing equations (1) and (5), also (2) and (6), 


A=1, 


B=0, C= Ymbhos, 


D=1. 


The transfer matrix [A] is therefore E “4 


Y 1 


The transfer matrix of the network and load in cascade is 


w= [2 2)-Ld, I-68 2 


Thus, the input impedance 


zy ALB _ AZ+B 
a C+ DZ, CZ,+D 
and the voltage gain 
: 1 
~ A+ BZ, 
For the common-base transistor: 
_ 1% Me 
2] k a iF a 
mm |2| 
_ [7a Te 
so [A] = P eo 
Toy Toy 


(1) 
(2) 
(3) 
(4) 


(5) 
(6) 


* F. A. Benson and D. Harrison, Electric Circuit Theory, Arnold, 2nd Edition, 


1963, p. 128. 
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where [Z| = ry - Foo — Pie - Yor 
1 
voltage gain = ———___+,—__> 
se Pyiltoy + |Z|/roRi 
TR, 


io Ty R, + yee — Mrelen 

1'Rj/Pey + |Z|/rex 
R,/rey + Teo/Tox 

= Ty — Myefer/(Te2 + Ri) 


The input resistance = 


280. Circuit (a) consists of a series impedance and a shunt 
admittance in cascade. Therefore, using the results of the previous 
solution, the transfer matrix [A] is: 


BG dey 7 


Circuit (b) consists of a shunt admittance and a series impedance 
in cascade. Thus, 


[4] = E i i E a - ly a +20). 


Circuit (c) can be considered as a series impedance, a shunt 
admittance and a series impedance in cascade. Therefore: 


= [5 Lv. lo 7 


-(* + Zy/Zy2) (Zy + Z, + Sed 


1/Zy. (1 + Z,/Zy2) 
Similarly for circuit (d), 
1 O \ A 1 0O 
=[uz, i lo Laz 1] 
=| (1 + Zy2/Z2) Zio | 
{1/Z, ++ ZyalZ,) (1/Z,)} (i+ ZralZ;) 


281. The transfer matrix for the first network excluding the load is: 


j— [i JoL] [1 0) Pt jot 1 0 
=lo 1 ]°Ljoc 1]° 0 1 ]*Ljoc 1 
__ [C — 3@°LC + wAL?C?) (2joL — jw®L?C) 
=| Qjac — jo®LC*) (1 — w*LC) 
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The transfer matrix of a network which has general parameters 
A, B, C and D, and a load Z, in cascade is: 


A+ BZ, B 
C+D/Z, D|. 


Thus, V/V, = 1/(4 + B/Z). 
Here A=1—30°LC + w4L2C?, 
= 2joL — ja®L2C, 
and Z,= VLC + jfoL/2. 
VV; 
_ 1 
1 — 3w®LC + w4l?2C? + joL(2 ~ w*LC){(WL/C + joL/2) 


The transfer matrix for the second network excluding the load is: 
[A] = k — WLC) (2joL — | 
~ L Goc) (1 — w?LC) 
R, 
MalVa = (1 — wLC)R, + QjaL — jw®L?C) 


282. (a) 


NETWORK |! NETWORK 2 


fA] « iF >] wf 3 


For network (D: 
V; = AV, +- Bl, 
I,= CV,+ Dh 
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For network Q): 
Vo = AyV3 + Bil 


i, = CLV 3 + D,I 
V; = (AA, + BCYV3 + (AB, + BDI, 
iL, = (CA, + DC)V3 + (CB, + DD,Is 


For the combined network, therefore, 


pele eae es 


(b) When the two networks are connected in order 1, 2 the 
transfer matrix of the combination is the product of the original 


transfer matrices, i.e. 
- _ [1:50 11 1:66 4] [13:5 39-0 
[Are] = [Ai] - [42] = ee Fl E | | Fe | 2-92 ail 


The Y parameters of the networks are as follows: 


Network 1 | Network 2 


Y,, = D/B 2:5/11 3/4 
Yio = —|A|/B ~1/il —1/4 
Yo, = 1/B 1/11 1/4 
Yoq = —A/B —1:5/11 —1-66/4 


The admittance matrix of the networks in parallel is 
[Yi 2] = [Y] a [Yo] 
_ (2-5/11 — 1/11 a 3/4 —1/4 
~ Lill — 15/11 1/4 — 1-66/4 


- baw — 15/44 
~ 115/44 — 73/132]. 


283. The mesh equations for the circuit are: 
ZA(i, — i) + Zi, = i + I,') a V;, ° . (1) 
Zi — 1,') — Z,, — i+ Tr’) = Ve (2) 
(3) 


Zit Zi — h) = 2,0, —i+ 1,') + 2,0, — i) 
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From (3), i=(,+h)/2. . . . . (4 
Substituting (4) in (1) and (2) there results: 

ZA, — fy) + Zh + Ie!) = 2Vj. . - 6) 

Zh, — Ie’) — Zi, + 12’) = 2V 2. . . (6) 


Thus, the [Z] matrix is seen to be 


|e + Z,)/2 (2, — 7 
(Z, —Z)/2 (Z, + Z)/2}. 


Equations (5) and (6) can be re-arranged to give the A, B, C and 
D parameters of the [A] matrix. Alternatively, 
A = Zy/Z12 = Z22/Zy2 = D = (Z, + Z,)[(Z, — Zy); 
B= (ZyZoq — Zy9")/Zy2 = 2Z,Zs/(Z_ — Zy); 
and C = 1/Zy. = 2/(Z. _ Z;). 


[A] = |@ + Z){(Z_,—Z,)  22Z,Z,/(Z_, — Z)) | 
2/(Z_ — Z,) (Z, + Z,)/(Ze — 21) J. 


284. Circuit (a) 

Grid current of valve i, = J, = 0. 

Anode current of valve i, = — Ip = SmUg + ValTq 
= 8mVi + Valra. 

In matrix form these equations become: 


Ly] 0 0 V, 
In} L— 8m — Ure)” LV). 
The admittance matrix is therefore: | 0 9 | 


8m I/r 


Circuit (b) 

The arrangement can be regarded as a shunt admittance in cascade 
with the valve. The transfer matrix [A,] for the admittance is 
B 1 . The admittance matrix for the valve is given above, from 
which the transfer matrix for the valve is: 


[4] = | MEmta — eI 
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Thus, the transfer matrix for the combination is : 


Maio loo ee ore ri. 


.. the admittance matrix for the combination is 


Y, 0 
—§m — I/r, ° 


It is evident that the required matrix can also be found from the 
sum of the [Y] matrices 


YO) vx P20 0 
0 0 — gm — [ra 


i.e Y, , 
_ — &m — I/r, . 


Circuit (c) 


The interelectrode capacitances can be introduced by adding 
another [Y] matrix to that just found above, the result is: 


| Y, 0 | + hee + Cua) — joCy, | 
—~ Em I/F JoCya — jo(Ca + Cya) 
— x + jo(Coa so Cy0) — JoC gg | 
GioCya — 8m) — {Ira + jo(Coa + Cad} ]- 
Circuit (d) 


Grid current of valve i, = I, — Y,V, = 0. 
Anode current of valve i, = — Ip = 2m¥, + Valla 
oe Sm Vi a Z 12) f= (V2 + Z19)/Ta- 


Thus, as for circuit (a), the admittance matrix can be found. 
The result is: 


Y, 0 | 
E Emil + Z(8m + Ura} — CAlra/{l + Z(8m + Ura)}t- 
285. The transfer matrices are: 


1 
For 2, b 


ra (see Solution 279) 
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For Y, E 


0 
i 7 
y a (see Solution 279) 


1 
For Zo, | 


Z. 
0 ‘ , (see Solution 279) 


n O 
For the transformer, j 


0 Ij/n 
I, = I,/n) 


.. Transfer matrix for whole arrangement is: 


lo theLe al Lo idle 7 
= has +Z,Y) nZ(1 + Z,Y)+ | 
7 nY nZ,Y + 1/n 


i: (for a transformer V, = nV, and 


286. The solution to this problem can be found in certain standard 
textbooks.* 


287. The solution to this problem can be found in certain standard 
textbooks.* 


288. Critical wavelength 4, = 2 x 7-62 = 15:24 cm. 
Guide wavelength 4, is given by 1/4,2 = 1/10? — 1/15-24?, since a 
wavelength of 10 cm corresponds to the frequency of 3,000 Mc/s 
: A, = 13-3 cm. 


289. The solution to this problem can be found in certain standard 
textbooks.f 


290. It can be shown that the attenuation in nepers per unit 
length of a guide carrying an evanescent mode is given by:{ 


a = 2nV1 — (A,/A)?/A,. 


* E.g., see H. R. L. Lamont, Wave Guides, Methuen, 3rd Edition, 1950, Chapter 1. 

+ E.g.,see H.R. L. Lamont, Wave Guides, Methuen, 3rd Edition, 1950, Chapter 2. 

} See, for example, H. M. Barlow and A. L. Cullen, Microwave Measurements, 
Constable, 1950, p. 245; or L. G. H. Huxley, A Survey of the Principles and Practice 
of Waveguides, Cambridge U.P., 1947, p. 57. 
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Here A, = 2-6la, where a is the cylinder radius* and 4 = 30cm. 
Also a = 10 db/em = 10 x 0-115 nepers/cm. 


a = 2:06 cm. 


291. A general formula for calculating the attenuation in a wave- 
guide caused by losses in the wall metal has been given by Kuhn. 
For the case of the Hy, mode in a rectangular waveguide the 
attenuation « is given by the following expression: 


ne E Ma ()")" (3)" 
a” \e * (40-1 2 


A Ane 


a2 b 
+3, a 


where a and b are the short and long internal dimensions of the guide 
respectively, A, is the wavelength in the unbounded dielectric, /,, is 
the critical wavelength of the guide, o is the conductivity of the wall 
metal, 4, is the permeability of the wall metal, « and m are the 
dielectric constant and relative permeability of the dielectric respec- 
tively, and c is the velocity of electromagnetic waves. In the case of 
an air-filled copper guide with resistivity 1-7 x 10-* ohm-cm the 


c pm, (e\t2 12 

factor E .—. () = 0-2065, if « is measured in db/m, the 
Bh \E 

guide dimensions and wavelengths being in cm. 


Expression (1) gives « in a form in which the ratio /,/,, is the 
only parameter involving wavelength. An alternative expression is: 


1/27, 1/2 A 2 b 
| OS oA aS ei Sey Ae agen 
eo = E ar (:) 5,2 Ee + Sali . (2) 
where A, is the guide wavelength and 


1 1 1 
at Ae dee . . . . (3) 


* See Problem No. 289. 
+ S. Kuhn, ‘Calculation of Attenuation in Waveguides,’ J. Instn. Electrical Engrs., 
93, Part IIIA, pp. 663-78, 1946. 
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Consider the case where A, = 3-1 cm, 
b = 2°54 cm, b/a = 2, A,, = 2b = 5:08 cm 
lees i he A, = 3-92 cm. 
From (2), 
__ 0:2065 x 3-92 [ee 1)? 
254 (3:18? © 15-08)? 
Similarly if 2, = 3-2 cm, « is found to be 0-0814 db/m. 


+ | db/m = 0-0801 db/m. 


292. Using the formula for attenuation given as (2) in the Previous 
solution: 

b=7:62cm, bla=3, A,=10cm, A, = 2b = 15:24cm and 
A, = 13-25 cm. 


a = 0-022 db/m. 


293. The losses due to the wall metal can be calculated from 
equation (2) of the solution to Question 291. It should be remem- 
bered, however, that the constant 0-2065 previously used for 


1/27,1/2 
E : (:) should now be multiplied by (2°55)!* since e = 2°55. 


In this case 2, = 10/V/2:55 = 6318 cm, 4,, = 2b = 96cm, so 
A, = 8-391 cm. Further b/a = 3, 


a = 0:05543 db/m. 


A formula for calculating the loss in the dielectric of a waveguide 
has been given by Kuhn.* The attenuation constant «4 in db/m is 


given by: 
2741/2 
a= Ape tana /[— (7 


In this case, A, = 6:318 cm, tan 6 = 0-0006 and /,, = 9-6 cm. 
ve a = 03438 db/m. 
The total value of the attenuation in this guide is 
(005543 + 0:3438) db/m = 0-399 db/m. 


* S. Kuhn, ‘Calculation of Attenuation in Waveguides,’ J. Instn. Electrical Engrs., 
93, Part Illa, pp. 663-78, 1946. 
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| 294. (a) Using the formula given as (2) in the solution to Question 
291: 

b=2:54cm, bla=2, A, =3-2cm,. A, = 2b = 5-08 cm, and 
A, = 4:12 cm. pee oo “owed 
ns a = 0:157 db/m. 

(b) It has been shown* that the formula used for the solution 

of part (a) of this problem can be modified to account for surface 
roughness. This is done by introducing three additional factors 


Ky, Kzy and K,. For the particular Hy, mode the new expression 
is: 


Se le 
o Ie yh (:) b(A, 8? Kr + 5) kn dee 
b AZ 
+3 (1-75)]. 


Substituting the given figures « is found to be 0-165 db/m. 


295. Using the formula given under part (b) of the previous 
solution and substituting the given figures 4, is found to be 3-35. 


296. The guide wavelength 2, = 2(5-731 — 3-749) = 3-964 cm. 
The voltage standing-wave ratio isft 


r = [K? — cos? (xw/A,)]#/sin (aw/A,) = 15-25 
[For high voltage standing-wave ratios r ~ (VK? — 1)A,/aw, i.e. 


r ~ 15:17, i.e. less than 0-5 % error.] 
The loss in the component 


& = 10 logis {(r + 1)[(r — 1} db = 0-581 db. 


* See J. Allison and F. A. Benson, ‘Surface Roughness and Attenuation of Pre- 
cision-drawn, Chemically-polished, Electropolished, Electroplated and Electroformed 
Waveguides,’ Proc. I.E.E., 102, Part B, p. 251, 1955. 

+ See S. Roberts and A. von Hippell, ‘A New Method of Measuring Dielectric 
Constant and Loss in the Range of Centimetric Waves,’ J. App. Phys., 17, p. 610, 1946; 
or H. M. Barlow and A. L. Cullen, Microwave Measurements, Constable, 1950, Chapter 
5; or F. A. Benson, ‘Waveguide Attenuation and its Correlation with Surface 
Roughness,” Proc. I.E.E., 100, Part III, p..85, 1953. 

+ Here the voltage standing-wave ratio is measured as a quantity greater than unity. 


276 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


297. The cut-off frequency f,* = 1/7VLC = 1,000 c/s . () 
L L 
T Cc i Cc T Cc 
Now load resistance = VL/C =50Q  . : : i 2) 


From (1) and (2), C = 6:37 uF and L = 15-92 mH. 
Attenuation constant « (per section) 
= cosh (— 1)(1 + Z,/2Z,) 
where Z, = jwoL, and Z, = 1/jwC, 
= cosh (— 1)(1 — 2f7/f,) 


a = cosh-! (— 1) f —2 ) /12| = 1-928. 


298. (a) The frequencies f, and /, at the ends of the pass band are 
given by:* 


oe cee Gl 
Al rae GC 


and nat [fS+1+/9] 


where f, is the resonant frequency of both arms = 1,000 c/s, C, is the 
capacitance in the series arm and C, is the capacitance in the shunt 
arm. 


fr = 1,000[V1-01 — V0-01] = 905 c/s 
and fa = 1,000[V1-01 + 0-01] = 1,105 o/s 
: bandwidth = (f, — (4) = 200 ¢/s. 


* See, for example, L. C. Jackson, Wave Filters, Methuen, 3rd Edition, 1960, 
Chapter 2. 


SOLUTION 298 277 


(b) The T-section is illustrated in the figure. 
2c, 2c, 


Lij2 | | Li/2 


The angular frequencies w, and w,, corresponding to frequencies 
f, and f, at the ends of the pass band are, from the previous solution: 


@W1 == W 1 + 1 os /g 
and Wo = W ai + + /& 
: re : | 


where wo? = 1/L,C, = 1/L,C, 


The iterative impedance* 


where R= VLC, = VL/C, 
From these equations and assuming Zp) = R: 
L, = 2R/(wg — @,) = 2 X 600/3000 x 27 = 63-6 x 10° H 
each series inductance = 31-8 mH 
L,|R? = {(63°6 x 10-3 x 10°)/6007}uF = 0-177 uF 
oa (We — 0) R/2@.0, 
= (3000 x 27 x 600 x 108/2 x 27 x 120 x 
2a x 123 x 10°)vH 
= 9-7 wH 
L,/R? = (9:7 X 10-6 x 102/600%) iit = - 26 95 up 
each series capacitance = 53-9 BBE. 


* See, for example, L. C. Jackson, Wave Filters, Methuen, 3rd. eERIOD: 1960 
Chapter 2. 


19 


278 PROBLEMS IN ELECTRONICS WITH SOLUTIONS 


299, The cut-off frequency f;* = 1/4aVLC = 2,500 c/s - . (1) 
Now load resistance = VL/C = 600Q .  . 
L = 19-1 mH and C = 0-053 pF. 
Cc Cc 


300. The solution to this problem can be found elsewhere. 
301. The solution to this problem can be found elsewhere.{ 
302. The solution to this problem can be found elsewhere.§ 
303. The solution to this problem can be found elsewhere.|| 


304, Cut-off frequency] f, = 1/nVLC = 796 c/s. 

Terminating impedance] = VL/C = 600Q. 

It follows that L = 240mH and C =0-666uF. A T-section 
would therefore be constructed from two 120-mH (L/2) series 
inductors and a 0-666-uF capacitor in the shunt arm. 


For a 7-section there would be a 240-mH series inductor with two 


0-333 uF (C/2) capacitors as shunt elements. 


305. The series-derived T-section is shown in diagram (a) and the 
shunt-derived z-section in diagram (5). 
Here . Z, = oL and Z, = 1/wC 
.. for (a) each series inductance 
= mL/2 = 0-6 x 120 mH = 72 mH. 


* See, for example, L. C. Jackson, Wave Filters, Methuen, 3rd Edition, 1960, 
Chapter 2. a 

{ ibid., pp. 12 and 13. 

t ibid., pp. 27 to 30. See, also, the solution to Problem 305. 

§ ibid., p. 32. 

\| ibid., p. 43. 

{| ibid., pp. 15-17. 
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™mZ, /z mZ,/2 


7d i 


(- ™*)Z,/4m 


(a) (b) 

Also, inductance in shunt arm 

= (1 — m?)240/2-4 mH = 64 mH. 
Capacitance in shunt arm 

= 0-666 x 0-6 uF = 0:4 uF. 
Similarly, for z-section, inductance in series arm 

= 0-6 x 240 mH = 144 mH. 
Also, capacitance in series arm 

= 0°666 x (1 — m*)/4m uF = 0-178 uF. 
Capacitance of each shunt arm 

= 0-333 x 0°6 uF = 0°2 uF. 


306. The radiation resistance of a small loop aerial* is 
R = 31,171 (A//*)? ohms 
where A is the area of the loop (m?) and 4 is the wavelength (m). 
Here A = 2(A/4r)?/4 and R = 0-77 Q. 


307. The radiation resistance R of a short dipole is} 807°(//4)? ohms 
where //A is the line length in wavelengths. 
In this case, 
R = 80r? x (1/12 Q = 5:5Q. | 
* See J. D. Kraus, Electromagnetics, McGraw-Hill, 1953, pp. 486-9; or S. Ramo 
and J. R. Whinnery, Fields and Waves in Modern Radio, Wiley, 2nd Edition, 1953, 


pp. 189-190 and 457-8. 
+ See J. D. Kraus, Electromagnetics, McGraw-Hill, 1953, pp. 500-1. 
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The directivity is defined as the ratio of the maximum radiation 
intensity to the average radiation intensity. For a short dipole this 
is* 1-5. 


308. It is often useful to consider that a receiving aerial possesses 
an aperture, or equivalent area, over which it extracts energy froma 
radio wave. 

The aperture A is given byt DA?/4m where D is the directivity and 
A is the wavelength. 


In this case A = 90 x 4/47 m? = 28-6 m?. 


309. The field strength due to a distant transmitting station is, 
neglecting absorption, given byt: 
~E = 377(hI]/ Ad) volts/m 
where h = effective height of transmitting aerial in metres, 
d =: distance in metres, 
A = wavelength in metres 
and J = aerial current in amperes. 


The power radiated from an aerialt W = 1-58h?J?/2? kW. 
2 E = 300V Wd volts/m. 
Here W = 100, d= 100 x 10? m, so E = 0:03 V/m. 


310. Using the expression for W in the previous solution and 
noting that h= 100m, 7=450A and 4=7:5 x 103m, W is 
found to be 56-9 kW. 


Radiation resistancet = 1,580 x h?/2? ohms 
= 15:8/7-5?Q 
Efficiency = 15-8/(7-5? x 1:12) = 0-251 = 25-1%. 
311. In an aerial array with finite spacing, the total field in a 
direction at an angle 6 with the normal to the array ist 
E = E, sin (Na/2)/sin («/2), 
* See J. D. Kraus, Electromagnetics, McGraw-Hill, 1953, pp. 502-4. 
+ ibid., pp. 504-7. 


$ See, for example, Admiralty Handbook of Wireless Telegraphy, Vol. Ul, 1938, 
Section R. 
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where E, is the field due to one aerial, 
N ,,  ., number of vertical aerials, 


and « ,, ,, phase difference between the radiations of consecu- 
tive aerials in the given direction. 


Also a = (27a/A) sin 6 + 4, 
where a is the aerial spacing, 
A 5 », wavelength, 


and ¢.,, ,, phase difference between the currents in adjacent 
aerials. 


E is zero when No/2 = 7, 27, etc. 
If the aerial currents are in phase, as in the present problem, 
¢ = 0 and the first zero occurs when sin 8 = A/Na. In this case, 


sin 9 = A/(10A/2) = 1/5. 
The angular width of the broadside beam = 20 = 23° 4’. 


312. The voltage received in a frame aerial in the plane of pro- 
pagation of the wave is* 27EAN/A volts, where A is the frame area 
in sq. m., N is the number of turns, E is the field strength in V/m 
and A is the wavelength in m. 

Here E = 0-01, A=1, N=12 and A= 300, so the voltage 
received = 25-14 x 10-4 V. 


313. The Schering bridge circuit is shown in the diagram. 
At balance: 
AfjoC, —_ Ry + oC) 


po + IfjoC, 7 R; ) 
Equating real and imaginary parts of this equation gives: 
Cy = R4C,/Rs . . . . (2) 
and Po = C4R,/C, . . . . (3) 
The loss angle 6, is given by 
tan 62 = wpeC, . . . . 4&) 


ne 
* See, for example, Admiralty Handbook of Wireless Telegraphy, Vol. II, 1938, 
Section T. 
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In this case, C, = ¢&A/tfarads, where « is the dielectric 
constant, & = 8-855 x 10-!%, A is the area of the plates in sq. 


metres and ¢ is the distance between the plates in metres. 
: C, = 0:000213 uF. 
From (2) therefore 


Ry, = 4,260 Q. 
From (4) tan 9’ = (27 x 50)p. x 0:000213 x 10-6 
i.e. pa = 39,2002. 


”. from (3) Cy = 0-00196 F. 


314. At balance the following equations are obtained: 
i(R + joL) = i, Q + igr 
i, P = isljoC 
and igr + is/joC = (ig — i3)S 

From (1), (2) and (3), eliminating i,, i, and ig: 

{((R + joL)|joCP — r}S = Or + S + 1/jwC) 
Equating real and imaginary parts of (4): 

R= PQ/S and L = CP(rQ + SQ + rS)/S. 

In this case, R = 500 x 1,000/1,000 = 500 Q 


(1) 
(2) 
(3) 


(4) 


and L=2 x 10-* x 500(200 + 1,000 + 200)108/1,000 = 1-4 H. 
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315. At balance the following equation holds: 


(Ry + jooL,)|(Re + joLe) = (Ra — jloC)[(Rs — jloCy) - (1) 
Equating the real and imaginary parts of (1): 


R,R3 + D,/Cy = RpRy + L,/Cz ‘i - (2) 

and ' — RC, + w*L,C, RC, —, RC, + w*LeC,C Ry ° (3) 
From (3) it follows that L,C,R,C, must equal LyC,C, Ry. 

i.e. L,R,=L.R, . ’ : - 4 
Also from (3) R,C, must equal RC, : : ; . (5) 
From (2) it follows that if R,R, = R,R,, L,/C, must equal L.|Co. 

L, RR 
From (4) and (5) L,/C, =~. 2-4 — L,/C, when R,R, = RoR. 
C, RRs 


Similarly, if L, = C,R,R, it follows from (2) that R,R, must equal 


R L 
L,|C. From (4) and (5) RyR3 = a as when L, = C, RoR, 
2 Cy Cy 


<6 either RRs = RRa or L, = C,R,R,. 


316. The network is shown in the diagram. 


At balance: 
Q/S = (R, + pi + UfjoC)/(Re + p2 + ifjoC,) . (1) 
Equating real and imaginary parts of (1): 


Q/ S=(R, + pPr)/(Re Ss Pa) = C,/ Cy ° - (2) 
Here Ri = 11-4 Q, P2 = 0, Ry — 10 Q, C, = 0-023 uF 
.. from (2) py = 1:1Q and C, = 0-0184 uF. 
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317. Let the currents and voltages be as shown on the diagram. 


Za 


—_ 


x \ 


At balance: 


(R, + joL)iy = Role 


(1) 
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Dividing (1) and (2) and equating real and imaginary parts gives 
two equations in terms of L and R, from which: 


and R, = R,R,Ryw*?C?/ ad + w?R,?C*). 


The vector diagram for the network is as shown. 


318. At balance let the current through L,, R, and Rg be i, and the 
current through L,, R, and R, be i. 
Then: 


ig( Re + joLe) + joM(i, + ig) = (Ry + joLlpi; mne)) 
and ipRg = i,Rg . ; . (2) 
Dividing (1) and (2) and equating real and imaginary parts 
R,Rz = R,R, and R,(L. + M) = RL, — M). 


319. With S open the balance condition is: 


Cy = C2C3/(C2 + Cs) ‘ : : - Q@) 
With S closed the balance condition is: 
Cy = Cy (Cg + Cy) (Cy! + Cz + Cy) « - (Q) 


From (1) and (2), 
Cy = C3(Czy — Cy’)f(Co’ Cy + Ce'C3 — CyCs). 
With S open and with C, adjusted then at balance 
C, = 1,000 x 50/1,050 = 47-6 uF. 
With S closed, 47-6 = C,’ x 51/(C,’ + 51). Cy’ = 714 wpF. 
Thus Cy — Cy’ = (1,000 — 714) wu F = 286 wyF. 


There are two readings, one at the maximum setting of C, and the 
other at C, = 286 wuF, so the reading error is + 10 x 100/286% 
= + 35%. 
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320. The equivalent circuit of the arrangement is shown. 
Using Kirchhoff’s law for 
the i, mesh 


Yo] BV, + (ta + Re) — tp Re = 0. 
= Also Vz a i,R,; 
J. BiyRy + in(ta + Re) — ipRe 


At balance i, = 0, 
= RofR,. 
In this case yw is approx. 20. 


321. Denote the anode resistance by r,. 
At balance, r, = R,R3/R, = R, = 8,000 Q, since R, = Rz. 


322. The solution to this problem can be found elsewhere.* If 
uUR,/Re > 1, then &m =< R,/R3Ry.- 


323. IT, = (a + 4V,,)(by + 1V,,)- 
Let V,=V,cos@ — E and V,,=V,,cosé — &,.. 


[Suffix s refers to signal and h to oscillator.] 
For the in-phase condition of V, and V,,: 


I, = {a + a,(V, cos 6 — E,)}{by + b(V;, cos 6 — E,)}. 
The d.c. component of this is 
Tu, = [abo — A1boEy, — Ab1E, + (4b1V.V;,/2)]. 


For the out-of-phase condition V, = — V,cos@ — E, and the 
d.c. component of J, is 


I, = (obo — ayboEp, — Abiko, — (41b,V,V,,/2)). 
I, — Ja, = 45V iV. 
But = ab, V,/2 
Bo = Ua, — Ja)2V 


* See S. Seely, Electron Tube Circuits, McGraw-Hill, 2nd Edition, 1958, pp. 71 
and 72. 
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324. Let V, = V,sin (wt + 0,) and V, = Vz sin (wt + 64). 
Fs V,, = V, (sin wt cos 0, + coswtsin@,;)  . . (1) 
and V, = V, (sin wt cos 6, + coswtsin#,)  . . (2) 
From (1) and (2) eliminating wt gives: 
VE Ve Wels 
Ve VF VyVe 
This is the equation of an ellipse whose major and minor axes 
coincide with the x and y axes respectively when (6, — 62) = 7/2. 
In general, the trace gives an ellipse the orientation of which depends 
on the phase difference between the two voltage waves. 


cos (0, — 0,) = sin? (0, — 4). 


325. The solution to this problem can be found elsewhere.* 
326. The solution to this problem can be found elsewhere.* 
327. The solution to this problem can be found elsewhere.* 
328. The solution to this problem can be found elsewhere.} 


329. 


(¢) (d) 


Se he A ae 
* F, A. Benson and A. O. Carter, ‘A Critical Survey of Some Phase-angle Measure- 
ments Using a Cathode-ray Tube,’ Electronic Engineering, 22, pp. 238-42, 1950. 
F. A. Benson and A. O. Carter, ‘A New Method of Measuring Phase Angle,’ 
Journal of Scientific Instruments, 26, pp. 285-88, 1949. 
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331. 


332. One method of finding the frequency ratio is as follows: 
draw a line parallel to the x-axis, which does not pass through any 
intersections of different parts of the curve, and count the number 
of points where the line intersects the curve; repeat this procedure 
with a line drawn parallel to the y-axis. It should be noted that the 
lines must not be part of the boundary rectangle. The ratio of the 
two numbers so found will be the required frequency ratio. The ~ 
number of intersections on the line parallel to the x-axis is pro- 
portional to the frequency of the y-variation, and vice versa.* 


* For further information see G. Parr and O. H. Davie, The Cathode-Ray Tube 
and its Applications, Chapman & Hall, 3rd Edition, 1959, Chapter 6. See also, F. E. 
Terman, Radio Engineer’s Handbook, McGraw-Hill, 1943, p. 955. 
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333. The skin depth 6 = 1/W2pfo 
where o is the conductivity, u the permeability and f the frequency.* 
For copper, 
6 = 1/Va x 40 x 10-77 x f x 5-88 x 107m 
When f = 300 Mc/s, 6 = 3-79 x 10 cm. 
When f = 10,000 Me/s, 6 = 6:56 x 10-5 cm. 


334. Referring to the previous solution, the conductivity of 
5°88 x 10’ mhos/m corresponds to a resistivity of 1:7 x 10-* ohm- 
cm. 


*, skin depth in nickel at 10,000 Mc/s, 
= 656 x 10-8V9-39/(1-7 x 3) = 8-9 x 10-5 cm. 


335. The inductance of a straight piece of wire at very high 
frequencies is:f 


L = 0-002K(2:303 logy 4//d — 1 + d/2/) wH, 
where / is the length of the wire in centimetres and d is the wire 
diameter in centimetres. 
In this case, 7 = 2:54 cm and d = 0-254 cm so L = 0-014 uwH. 
At 500 Mc/s the reactance 
= 27 x 500 x 108 x 0-014 x 10°°Q = 44Q. 


336. The intrinsic impedance of the plate Z) = VZ,Z», 
where Z, = intrinsic impedance of air 
and Z, = intrinsic impedance of dielectric medium. 

Now Z; = Vio/& = 377Q. and Z, = 377/V4Q = 188 

Zy = V377 X 188.0 = 2660. 

The relative permittivity required = (377/266)? = 2. 

* See, for example, J. C. Slater, Microwave Transmission, McGraw-Hill, 1942, 
p. 114; or R.A. Bailey, ‘A Resonant-cavity Torque-operated Wattmeter for Microwave 


Power,’ Proc. I.E.E., Part C, 103, p. 60, 1956. 
t See K. R. Spangenberg, Vacuum Tubes, McGraw-Hill, 1948, p. 477. 
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337. Number of picture elements in one picture 
== 405 x 405 x 5/4. 
Total number of elements to be transmitted/sec 
= 405 x 405 x 5 x 25/4 = 5,125,781 


. frequency = 5,125,781/2 c/s and bandwidth for double-side-band 
transmission is 5-13 Me/s. | 


338. The output voltage is as shown in the diagram. 


OUTPUT =f N fe sino 
VOLTAGE fen Ew 


. de 
Rate of rise of waveform = a WE,, COS ot ~ WE py. 
t 


Time taken to rise from — Eto + Eis 6T ~ 2E/wE,,, 
i.e. 6T = 2 xX 2/(2m x 10® x 200) sec = 0-032 us. 


339. The charges e,, €, and e, on the conductors and the potentials 
V,, V_ and V, are related by the following equations: 
€) = WV + GaVe + JaiV3 
2 = GeV, + JoaVe + J2aVs 
€3 = GisVi + JasVe + YaaVs 
Let e, and e, = 0 and suppose conductor 3 is raised to unit potential 
by eg. Since 1 and 2 are uncharged their potentials are also unity. 
Therefore, the above equations become: . 


O = Gy + 9a + 91 
O = qa + 92a + Is2 
€3 = 913 + Gas + 933 
. . 3 = 933 — (Gu + 242 + 422) 
and capacitance of 3 = es/1 = 433 — 11 + 2412 + 422): 
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340. Let the initial charge on the movable sphere 4 be e and let the 
charges received by spheres 1, 2 and 3, after contact with 4, be e,, e, 
and e, respectively. 


When 1 and 4 are in contact let the common potential be Vj. 

Then Vy = Pyer + Pule — ey) . . - (1) 
and Vi = Puer + Pale — 41) . . . (2) 
where the p’s are coefficients of potential. 

When 2 and 4 are in contact let the common potential be V,. The 
charge on 4 is now e — e, — ég. By symmetry the coefficients of 
potential of 2 and 4 are the same as the coefficients of potential of 
1 and 4 when 1 and 4 were in contact, although the potentials of 
2 and 4 will contain a term due to the charge e, on 1 which can be 
taken as e,/a since a> r. 

Ve = Pye, t+ pule—@ —@)+efa. - GQ) 
and Vo = Puls + Pule—-& —e)+eafa. - |) 

Similarly if V; is the common potential when 3 and 4 are in contact, 

Vs = Puls + Pule — &1 — &2 — 3) + G/a+eJa . (5) 
and Vz = Pres + Pale — & — & — es) + G/at+eja . (6) 

Subtracting (2) from (1), 

0= (un — Pwer: + Pu — Palle — 4) - . - (7) 
Subtracting (4) from (3), 

0 = Gu — Pudee + Pu — Pule — 1 — &)  - - (8) 
Subtracting (6) from (5), 
0 = (Pn — Pues + Pu — Pule — 1 — 2 — es). (9) 

_ 2 es 


é 
s + = ——_2_ = ____—3_ ___. 9 that e,? = ee. 
e@-—-e, € — &) — &y @— &y — €g — Cg rg en a 
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341. Let the charges on A, B and C be &, e, and eg respectively. 
Then the charges and potentials (V’s) are related by the following 
equations: 


Gy = OV, + GaVe+9aV3 - . . (1) 
Cy = G12V1 + Jo2Vo + Fs2V5 - . a7 42) 
€s = 9i3V1 + qosV2 + 9s3V3_ . . (3) 


where 441, Yoo and 33 are coefficients of capacitance and the other 
q’s are coefficients of induction. Consider the special case where B 
is at zero potential and A is uncharged. Then the potential inside B 
is Zero. 


*. from (1), q3,V¥3 = 0 and so q3, = 0 since the value of V3 is 
unrestricted. 


i.e. C can have any potential without affecting A. 


342. Consider an element of wire dx at A distant x from B. The 


charge on the element is g dx. There is an image at the inverse point 
A’ with a charge — q dx .r/OA = — qr dx|Vx? + s?. 
*, total induced charge 


+L/2 
= { ae dx|/V x2 + s? = — 2gr sinh (L/2s). 


343. The conditions of the problem are satisfied if an image 
charge — ea/f is placed at A’, where OA . OA’ = a®, anda charge 
(Q + ealf) at O. 


20 
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The electric force on a unit positive charge at P is 
(OQ + ealf)/a® + e/(f + a)? — ealfla + a fy. 


This is zero, and hence the surface density, when 


O = — ae(3f+ alfif+ a 


344. The charges are +e at A, an image — ea/fat A’, where 
OA. OA’ = a’, and eaff at O. 


_ The solid angles which the spherical cap XYZ subtends at A, A’ 
and O respectively are: 


2n(1 — cos OAX), 27 and 2n(1 — cos XOA) 
ive. 2n(1. — V1 — a®/f?), 2 and 2n(1 — aff) 
.. the charge induced on this portion of the sphere is 
— e1 — V1 — a/f?/2 — eal2f + ea(l — aff)/2f 
= —ef1 + atff? — V1 — aff}/2. 


SOLUTION 345 295 


345. Let the original charge on I be e. 
ee 
Then V= ree or e = abV/(b — a). 


Let P, be the inverse of Pin conductor I 


oe R, ” ” 3° 3° P, 39 ” Il 
” P, ” ” ” 9 Ry ” 2° I 
39 Rg 9 39 ” ry) P, 99 3° i 
etc. 
Then OP, = a®/s and the image charge at P, = — Qa/s, 
OR, = b?/OP, and the image charge at R, = — (— Qa/s)b/OP, 
= Qb/a, 
OP, = a*/OR, and the image charge at Pp =(— Qb/a)a/OR, 
= — Qa’/bs, 
OR, = b?/OP, and the image charge at Q, = — (— Qa*/bs)b/OP, 
= Oba, 
etc. 


Similarly let R,’ be the inverse of P in conductor II 


and. CAPE ee BE Be a SS * 
etc. 
Then the image charge at R,’ = — Qb/s, 
789 » 9 Py = Qalb 
se spe » 99 Re = — Ob*Jas - 
etc. 


., the total charge on conductor I is: 
e + (— Qals) — Qa®/bs + Qalb, etc. 


= avy —a— (148454. . ) 
a (oe : ) 
- ga (-2+9+7 
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The total charge on conductor II is minus the sum of the charges 
it contains, i.e. 


ee eee ee ee 
g 5-5 (- Pipe (b — a) ae x) 
Ratio of charges on IJ and II is therefore 


(Q/s — Q/b — V)|(Q/a — Qjs + V). 


346. If V is independent of z: 


ay aa 1a 
ror Toe 


r or ’ Or 


Let V = f(r) cos 46 


2) co i 
ae s46 — cos 46 = 0 


or 2 (Law 
Suppose f = r” 
df 


d 
—=nr™ and po cng 
dr 


dr 
d 4) _ Qn _. 2 
ri(2 Snr = nt 


=16 or n=+4 
i.e. fr)=r* or r4 


The solution is r~* since V-—>0 as r— oo 


OV 
E,=— = 
V = Ar~* cos 460 
so E, = —4Ar—* cos 40 
Ever) —_ (2ro)° — 2-5 
E,,,) (r9)~° 


i.e. a ee E,/32. 


SOLUTIONS 347-348 
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347. For the first layer: | capacitance = Ae K/d 
For the second layer: capacitance = Ae K/d 


conductance = Ao/d. 


d d 
<5 ra 
Total impedance = - Ao jwAé, 
jwAeK de d 
. Ao jwAeK 
d 1 
= 1 + ——_— 
jwAegk 1 + ofjwegkK 
For the composite dielectric impedance = 2d/jwAe K’ 
: 2 1 (1 4 1 
K’ K 1+ ofjwegK 
or 


K' = 2K(K — jo|we,)|(2K — jo/we). 


348. The Clausius—Mossotti relationship* is: 


e—1l WNa 


To calculate the polarizability « of a sphere: 


Dipole moment = 47re, r° E 


where E is the electric field and r the sphere radius. 


a = 47 gr? 


= 4 Xx ee x (10-%)% 
OT 360 
= 1018/9 


1 3 
= (——_} = 10°/64. 
(am) re 
Thus, ce 


_ 10° 10-8 36 
e+2 64° 9 °3x 10° 


e= 1-21. 


* See, for example, B. I. Bleaney and B. Bleaney, Electricity and Magnetism, 
Oxford, 1957, p. 493. 
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349. The Clausius—Mossotti relation* is: 
e—1_ Na 
e+2 3, 
Na _ 1:25 
36 4-25 
For the expanded polythene, 


Na (1:25\ 5 
~~ — (_}) — = 0-0148 
3£, (3) 100° 


e—]1 
— 0-014 
0-0148 


i.e. é ='1-058. 


* See, for example, B. I. Bleaney and B. Bleaney, Electricity and Magnetism, 
Oxford, 1957, p. 493. 
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A.C. bridges, 104-106 (313-319), 108 (321) 
Additive frequency changing, 72 (216) 
Admittance matrix, 95 (282), 96 (284) 
Aerial, aperture of, 103 (308) 
array, 103 (311) 
dipole, 103 (307) 
directivity of, 103 (307, 308) 
efficiency of, 103 (310) 
frame, 103 (312) 
radiation from an, 103 (309, 310) 
radiation resistance of an, 103 (306, 
307) 
single-turn loop, 103 (306) 
Aerials, 103 (306-312) 
Alpha cut-off frequency of transistor, 31 
(91), 32 (92) 
Amplification factor, calculation of for 
triode, 25 (77) 
current, of transistor, 26 (79), 31 
(91), 32 (92) 
with plane electrodes, 25 (77) 
with cylindrical electrodes, 25 (77) 
Amplification factor, measurement of, 
107 (320) 
Amplification in gas-filled photoelectric 
cell, 82 (245) 
Amplifier, bandwidth of, 46 (130) 
Amplifier, Class—B, 51 (143) 
Class—C, 51 (143, 144) 
Class—C, anode-modulated, 70 (211) 
correlation of sinusoidal and pulse 
responses of, 44 (123) 
efficiency of power, 47 (134), 48 (137), 
49 (140), 51 (143) 
figure of merit of, 46 (130) 
frequency response of, 46 (128), 46 
(129), 48 (135) 
inductor-capacitor coupled, 46 (129) 
input impedance of, 45 (125, 127) 
klystron, 85 (252) 
power, 47 (134), 48 (137), 49 (140), 
50-51 (142-143) 
power output of, 48 (137), 49 (140), 
50-51 (142, 143) 
power, with choke-capacitor coupling, 
49 (140) 
push-pull, 50 (141-142) 
resistor-capacitor coupled, 44 (123), 
45 (127), 46 (130, 131, 132), 47 
(133), 53 (151), 56 (161) 


Amplifier (contd.)— 
second-harmonic distortion in, 48 
(137-138), 52 (149) 
transformer-coupled, 48 (135-136) 
tuned-anode, 52 (145-146) 
two-stage, 45 (124), 52 (146) 
with feedback, 52-54 (147-154) 
with inductive load, 44 (122), 45 (125) 
Amplifiers, 27 (80), 31 (89), 33 (93, 94), 
34-35 (95-98), 44-57 (119-163), 
70 (211) 
transistor, 31 (89) 
Amplitude-modulated superheterodyne 
receiver, 72 (217-218) 
Amplitude modulation, 69-70 (204-211) 
Analysis, circuit, 3-11 (30) 
mesh, 10 (29) 
nodal, 10 (29), 11 (30) 
waveform, 17-19 (44-50) 
Anderson’s bridge, 104 (314) 
Angle of flow for Class-C amplifier, 51 
(143, 144) 
Anode-modulated Class-C amplifier, 70 
(211) 
Anode resistance, measurement of, 108 
(321) 
Aperture of aerial, 103 (308) 
Agsray, aerial, 103 (311) 
Aspect ratio, 113 (337) 
Attenuation constant, image, 91 (274) 
of filter, 101 (297) 
of line, 86 (253), 87 (259) 
Attenuation in coaxial cable, 89 (268), 
89 (269) 
in concentric line, 88~89 (266-269) 
in waveguides, 99-100 (291-295) 
Attenuator, H-type, 92 (276) 
T-section, 92 (276) 
waveguide cut-off, 99 (290) 


Balanced modulator, 70 (210) 

Band-pass filter, 101 (298) 

Bandwidth of amplifier, 46 (130-131) 

Bandwidth of television system, 113 
(337) 

Barretter, 43 (118) 

Beat frequency, 63 (185-186) 

Beat-frequency oscillator, 63 (186) 

Biasing circuit for transistor, 57 (162- 
163) 
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Blackband and Brown’s method for 
calculating characteristic im- 
pedance and attenuation of a 
line, 89 (269) 

Breakdown in gas, 80 (238, 239) 

Bridge, Anderson’s, 104 (314) 

Hay’s, 105 (317) 

Heaviside’s, 106 (318) 

method of measuring small capacit- 
ances, 106 (319) 

Schering, 104 (313) 

series-resistor, 105 (316) 

Bridges, a.c., 104-106 (313-319), 108 
(321) 

Buncher of klystron, 84 (251) 

Bunching parameter in klystron, 84 (251) 

By-pass capacitor, determination of value 
of, 44 (120) 


Cable, coaxial, attenuation in, 89 (268, 


input admittance of, 89 (268, 269) 
Calculation of amplification factor, 25 
(771) 
Capacitance, interelectrode, 30 (86), 45 
(124-125) 
measurement of small, 106 (319) 
padding, 72 (218) 
trimmer, 72 (218) 

Capacitor, power factor of, 10 (27) 
representation of losses in a, 10 (27) 
Carrier, 69 (204-207), 70 (209, 210, 212), 

71 (213) 
Carrier density, 20-21 (53-54) 
mobilities, 20 (52) 
Cascaded four-terminal networks, 95 
(282) 
Cascode type of difference amplifier, 33 


Catcher of klystron, 84 (251) 
Cathode-bias resistor, determination of 
value of, 44 (120) 
Cathode follower, 53 (152-153) 
Cathode-lead inductance of valve, effects 
of at U.H.F.’s, 84 (248) 
Cathode-ray tube, measurement of phase- 
angle using, 109-110 (325-327) 
motion of electrons in, 73 (221), 76 
(227-228) 
scattering of electron beam in, 81 
(242) 
sensitivity of, 76 (227-228) 
Cell, photovoltaic, characteristics of, 82 


Characteristic impedance of line, 86 
(253-254), 87-88 (259-263), 88- 
89 (265-268), 89-90 (269, 271), 90 
(272) 
Characteristics of barretter, 43 (118) 
of diodes, 22 (61-63), 24 (73) 
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Characteristics (contd.)— 
of ideal tungsten filament, 24 (74) 
of photovoltaic cell, 82 (247) 
of thyratron, 22-23 (64-66) 
of transistors, 26-27 (78-80) 
Chart, Smith, 87 (261-262), 90 (272) 
Child-Langmuir three-halves power law, 
24 (71-73) 
for plane parallel electrodes, 24 (71) 
for cylindrical electrodes, 24 (72) 
Circle diagrams for transmission lines, 
87 (261-262) 
Circuit analysis, 3-11 (1-30) 
Circuits, identical, at all frequencies, 9 
(23) 
oscillatory, 16 (42-43) 
Circular time base, 75 (223) 
waveguide, 99 (289) 
Class—B amplifier, 51 (143) 
Class—C amplifier, 51 (143, 144) 
Class—C amplifier, anode-modulated, 70 
(211) 
Clausius—Mossotti formula, 115 (348- 


) 
Clipping circuit, 113 (338) 
Coaxial cable, attenuation in, 89 (268, 
269) 
input admittance of, 89 (268, 269) 
line—-see Concentric line 
Coefficient of coupling, 4-5 (7-10), 8 
(22), 58-59 (165-168), 59 (471) 
Coefficients of capacitance, 114 (339) 
induction, 114 (339) 
Coil, self-capacitance of, 8 (20-22) 
Collision cross-section for gas, 81 (242) 
Colpitts oscillator, 20 (174), 63 (187) 
Common-base circuit for transistor, 31 
(88-89), 54-55 (155-156) 
Common-cathode difference amplifier, 
33 (93) 
Common-cathode-summing amplifier, 34 
(96) 
Common-collector circuit for transistor, 
31 (88-89), 55 (157) 
Common-emitter transistor amplifier, 27 


Common-emitter circuit for transistor, 
31 (88-89), 55 (157) 

Compensation, low-frequency, of ampli- 
fier, 46 (132) 

high-frequency, of amplifier, 47 (133) 

Composite characteristics, 50 (141-142) 

Computing circuits, 33-35 (93-98) 

Condition for oscillation in oscillator, 
58-59 (164-170), 60 (172-175), 
63-64 (187-188) 

Concentric line, 88 (263), 88-89 (266-268) 

Conduction in gases, 79-81 (236-243) 

Conductivity of semiconductor, 20 (52) 

Constant-k filter, 101 (297-299), 102 (304) 
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Contact potential across p-n junction, 21 
(58) 

Control characteristics of thyratron, 
22-23 (64-66) 

ratio of thyratron, 22-23 (64-65), 63 

(183) 

Controlled rectifier, thyratron as, 23 (67) 

Conversion conductance, measurement 
of, 108 (323) 

Correlation of sinusoidal and pulse 
responses of amplifier, 44 (123) 

Coupled-circuit, multi-mesh, 7 (17) 

Coupled circuits, 4-7 (7-15), 7 (17), 8 
(18, 22), 52 (145) 

Coupling, coefficient of, 4-5 (7-10), 8 
(22), 58-59 (165-168), 59 (171) 

Critical flux density in magnetron, 84 


wavelength in circular waveguide, 99 
(289) 
in rectangular waveguide, 99 (286, 
288) 
Cross-section, collision for gas, 81 (242) 
Crystal, equivalent circuit of, 61 (176) 
oscillator, 61 (176) 
Current density, space-charge limited, 24 
(71-72) 
Current gain for transistor amplifier, 
55-56 (156-160) 
-source equivalent circuits, 30 (84), 48 
(136), 52 (146) 
stabilizer, barretter as, 43 (118) 
Cut-off attenuator, waveguide, 99 (290) 
frequencies of filters, 101 (297-299), 
102 (302, 304) 


Decibels, 44 (121) 
Deflection of electrons in cathode-ray 
tube, 76 (227-228) 
Depth of modulation, 69 (205-206, 208), 
70 (211), 72 (215) 
Derived half-sections for filters, 102 (303) 
Detector, diode, 72 (215) 
Dielectrics, 115 (347-349) 
Difference amplifier, 33 (93-94), 35 
(97-98) 
cascode type, 33 (94) 
common-cathode type, 33 (93) 
Diffusion constants, 21 (56) 
Diffusion length, 21 (57) 
Diode characteristics, 22 (61-63), 24 
(73) 
clipping circuit, 113 (338) 
detector, 72 (215) 
with plane-parallel electrodes, move- 
ment of electrons in, 25 (75) 
Dipole aerial, 103 (307) 
Directivity of aerial, 103 (307-308) 
Distortion, frequency, in amplifier, 44 
(122) 
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Distortion (contd.)— 
phase, in amplifier, 44 (122) 
reduction of in amplifier with feed- 
back, 52 (149) 
Dividing circuit, 35 (98) 
Doped semiconductor material, 20-21 
(53-54), 21 (60) 
Double-stub tuner, 90 (272) 
Drift velocity, 21 (55) 
Dynamic characteristic of diode, 22 (62) 
Dynatron oscillator, 58 (164) 


Effect of heater-voltage variations of 
valves on stability of thermionic- 
valve stabilizers, 42 (117) 
Efficiency of aerial, 103 (310) 
of power amplifier, 47-48 (134, 137), 49 
(140), 51 (143) 
of rectification, 36 (99-102), 38 (105) 
Electrical images, 114-115 (342-345) 
Electron beam, scattering of, in cathode- 
ray tube, 81 (242) 
Electron concentration in gas-discharge 
plasma, 80 (240, 241) 
Electron mobility, 80 (240) 
Electron movement in plane-parallel- 
electrode diode, 25 (75) 
Electron temperature in gas-discharge 
plasma, 80 (240, 241) 
Electronic computing circuits, 33-35 (93- 


98) 
phasemeter, 110 (328) 

Electrons, motion of in electric and mag- 
netic fields, 73-74 (219-222) 
Electrostatic deflection in cathode-ray 

tube, 76 (227) 
Electrostatics, 114-115 (339-345) 
Emission, photo-electric, 82 (244-245) 
thermionic, 24 (69-70, 74) 
Energy levels, 20 (51) 
Equations, Maxwell’s, 99 (286-287) 
Equivalent circuit of crystal, 61 (176) 
of pentode, 30 (86) 
of tetrode, 30 (86) 
of transistor, 31 (88, 90), 56 (161) 
of valve, 29-30 (81-86), 33 (93), 34 
(96), 44 (122), 45 (126-127), 46 
(129), 48 (135), 53 (153), 59 (170), 
60-61 (173-176), 107 (320), 110 
(328) 
T network of four-terminal network, 
92 (277) 
Espley method for determining harmonic 
components of anode current in 
triode, 49 (139) 


Feedback amplifier, stability of, 53 (151), 
54 (4154) 

Feedback, amplifier with, 52-54 (147- 
154) 
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Feedback type of summing amplifier, 34 
95 


Field patterns for Hy, waveguide mode, 
99 (287) 
Figure of merit, for amplifier, 46 (130) 
Filters, attenuation constant of, 101 (297) 
band-pass, 101 (298) 
constant-k, 101 (297-299), 102 (304) 
cut-off frequencies of, 101 (297-299), 
102 (302), 102 (304) 
derived half-sections of, 102 (303) 
for rectifiers, 38-39 (107-110) 
capacitor type, 38 (108) 
design of, 38 (107) 
double L type, 38 (108) 
pi-section, 39 (109-110) 
simple choke type, 38 (108) 
single L type, 38 (107-108) 
high-pass, 101 (299) 
low-pass, 101 (297), 102 (304) 
m-derived, 102 (301-303), 102 (305) 
pi-sections of, 102 (301), 102 (305) 
T-sections, 101-102 (300-302), 102 
(304-305) 
wave, 101-102 (297-305) 
Four-terminal networks, 91 (273-274), 
92-93 (277-279), 95-98 (281-285) 
network parameters, 91 (273), 92-94 
(278-280), 95-96 (282-284) 
Fourier series, 17-19 (44-50), 38 (107), 39 
(109) 
graphical determination of coeffi- 
cients, 18 (46) 
Fourier-series representation of full-wave 
rectifier output voltage, 17 (44), 
38 (107) 
of half-wave rectifier output voltage, 
17 (44) 
of m-phase rectifier output voltage 
waveform, 19 (49) 
of sawtooth waveform, 18 (46), 39 
(109) 
of short square pulse, 18 (47) 
of short triangular pulse, 18 (48) 
of square waveform, 17 (45) 
Fourier transforms, 19 (50) 
Frame aerial, 103 (312) . 
Frequency changing, 72 (216-217) 
Frequency, cut-off, of filters, 101 (297— 
299), 102 (302, 304) 
deviation, 71 (213) 
-deviation ratio, 70 (212) 
distortion in amplifier, 44 (122) 
intermediate, in superheterodyne re- 
ceiver, 72 (217-218) 
modulation, 70-71 (212-214) 
of free oscillation in oscillatory circuit, 
16 (43) 
of oscillation in oscillator, 58-59 (164, 
167), 59 (170-171), 60-62 (173- 
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Frequency (contd.)— 
180), 62 (4182), 63 (184), 63 (187) 
ratio, determination of, using cathode- 
ray tube, 111 (332) 
resonant, 3 (1, 3), 4 (5), 5 (8), 6 (12) 
response of amplifier, 46 (129), 48 (135) 
56 (161) 
-selective networks, 61-62 (177-180), 
91 (275) 
stability of oscillator, 63 (187) 
Full-wave rectifier, 36 (102), 38-39 (107— 
110) 


Gain, amplifier, calculation of, 44-46 
(121-129), 48 (135-136), 48 (138), 
52-53 (145-150), 53-54 (153-154) 
Ganging of oscillator and signal circuits 
in receiver, 72 (218) 
Gas breakdown, 80 (238, 239) 
Gas-discharge plasma, electron concen- 
tration in, 80 (240, 241) 
electron temperature in, 80 (240, 241) 
mobility of electrons in, 80 (240) 
tube, Langmuir probe in, 80 (240) 
multiplication in, 79 (237), 80 (239) 
secondary-emission coefficient at 
cathode of, 80 (238) 
Gas discharge, pulsed, 81 (243) 
Gases, conduction in, 79-81 (236-243) 
Gases, kinetic theory of, 77-78 (229-235) 
Gas-filled photoelectric cell, 82 (245) 
Gas, noise in valve containing, 66 (196) 
primary ionization coefficient in, 79 
(238), 80 (239) 
Glow-discharge tube, as stabilizer, 40 
(111-113) 
relaxation oscillator, 62 (181-182) 
time base, 76 (226) 
Graphical determination of coefficients 
in Fourier series, 18 (46) 
Guide wavelength in rectangular wave- 
guide, 99 (288), 100 (296) 


Half-sections, derived, for filters, 102 
(303) 

Half-wave rectifier, 36 (99-101), 37-38 
(103-105) 

Hall coefficient, 21 (60) 

Harmonic components of anode current 
in triode, Espley method, 49 (139) 

Harmonic content of waveform, 19 (49) 

Hartley oscillator, 59-60 (171-173), 64 
(188) 

Hay’s bridge, 105 (317) 

Heater-voltage variations of valves, effects 
of on stability of thermionic- 
valve stabilizers, 42 (117) 

Heaviside’s bridge, 106 (318) 

High-frequency compensation of ampli- 
fiers, 47 (133) 
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High-pass filter, 101 (299) 
Hybrid parameters of transistor, 31 (87), 
56 (159-160) 


Identical circuits at all frequencies, 9 (23) 
Image attenuation constant, 91 (274) 
impedance, 91 (274) 
phase-constant, 91 (274) 
Images, electrical, 114-115 (342-345) 
Impedance, iterative, 92 (276), 101 (300), 
102 (303) 
matrix, 96 (283) 
Inductance, cathode-lead, effect of at 
U.H.F.’s, 84 (248) 
of straight piece of wire, 113 (335) 
Inductor-capacitor coupled amplifier, 46 
(129) 
Input-admittance circle for coaxial cable, 
89 (268-269) 
Input impedance of amplifier, 45 (125), 
45 (127), 55-56 (156-158) 
of transmission line, 87-88 (261-263), 
88 (265) 
resistance of transistor amplifier stage, 
54-55 (155-156) 
Interelectrode capacitance, 30 (86), 45 
(124-125) 

Interference whistles, 72 (217) 
Intermediate frequency in superhetero- 
dyne receiver, 72 (217-218) 
Ionization coefficient, primary, in gas, 

80 (238, 239) 
Iterative impedance, 92 (276), 101 (300), 
102 (303) 


Junction transistor, 26 (78-79), 31 (87), 
31 (91), 54-56 (155-161), 63 (187), 
93 (279) 


Kinetic theory of gases, 77-78 (229-235) 
Klystron— 
amplifier, 85 (252) 
arrival angle in, 84 (251) 
buncher of, 84 (251) - 
bunching parameter in, 84 (251) 
catcher of, 84 (251) 
departure angle in, 84 (251) 
reflex, 84 (250) 
space-charge wave theory of, 85 (252) 
two-cavity, 84 (251) 


Ladder phase-shift type of oscillator, 
62 (178-180) 

Langmuir probe in gas-discharge tube, 
80 (240, 241) 

Laplace transforms, 15 (40), 15 (41) 

Laplace’s equation, 115 (346) 

Laplacian subsidiary equation, 15 (40), 
15 (41) 

Life of tungsten filament, 24 (74) 
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Lifetimes of holes and electrons, 21 (57) 
Line, open-circuited, 87 (259) 
short-circuited, 87-88 (259, 263), 88-89 

(265, 268) 

Lissajous figures, 109-110 (324-327), 111 
(329-332) 

Load impedance absorbing maximum 
power from a source, 9 (26) 

Loading coils on line, 86 (255) 

Load lines, 22 (61-62), 26 (78), 27 (80), 
43 (118), 48 (138), 49 (140), 50 
(142) 

Logarithmic decrement, 16 (42) 

Loschmidt’s number, 81 (242) 

Losses in capacitor, representation of, 

10 (27) 

in waveguide component, 100 

(296) 

Low-frequency compensation of ampli- 
fiers, 46 (132) 

Low-pass filter, 101 (297), 102 (304) 
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Magnetic deflection in cathode-ray tube, 
76 (228) 
Magnetron, 84 (249) 
Matrices, 93-96 (279-284) 
admittance, 95 (282), 96 (284) 
impedance, 96 (283) 
Matrix, transfer, 93-96 (279-283), 98 
(285) 
Maximum power absorbed by load 
impedance from a source, 9 (26) 
Maxwell’s equations, 99 (286~287) 
m-derived filters, 102 (301-303), 102 
(305) 
Measurement of amplification factor of 
triode, 107 (320) 
of anode resistance of triode, 108 
(321) 
of conversion conductance, 108 (323) 
of mutual conductance of triode, 108 
(322) 
of phase-angle using cathode-ray tube, 
109-110 (325~327) 
of small capacitance, 106 (319) 
Measurements, 104-111 (313-332) 
Mesh analysis, 10 (29) 
Metal rectifier, 37 (104) 
Millman’s network theorem, 34 (96), 53 
(153) 
Mobilities, carrier, 20 (52) 
Mobility of electrons, 80 (240) 
Modes, waveguide, 99-100 (286-295) 
Modulation, 69-71 (204-214) 
amplitude, 69-70 (204-211) 
frequency, 70-71 (212-214) 
spectrum, 70 (210, 212) 
Modulator, balanced, 70 (210) 
Motion of electrons in electric and 
magnetic fields, 73-74 (219-222) 
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Movement of electrons in plane-parallel- 
electrode diode, 25 (75) 

Multi-mesh coupled circuit, 7 (17) 

Multiplication in  gas-discharge tube, 
79 (237), 80 (239) 

Multiplicative frequency changing, 72 
(216) 

Multiplying circuit, 35 (98) 

Multivibrator, 63 (184) 

Mutual conductance, measurement of, 
108 (322) 

inductance, 7 (16), 8 (19, 22), 14 (39), 

52 (145), 58 (166), 59 (169), 60 
(172-173) 


Natural frequency of free oscillations in 
oscillatory circuit, 16 (43) 
Negative feedback—see Feedback 
Nepers, 44 (121) 
Networks, four-terminal, 91 (273-274), 
92-93 (277-279), 95-96 (281-284) 
frequency-selective, 61-62 (177-180), 
91 (275) 
Nodal analysis, 10 (29), 11 (30) 
Noise, 65-67 (189-203) 
current in given bandwidth caused by 
given current, 65 (191) 
from temperature-limited diode, 65 
(192) 
in pentode, 65 (195) 
in triode, 65 (194) 
in valve containing gas, 66 (196) 
measurements on receiver, 67 (200- 
201) 
voltage across parallel circuit, 65 (193) 
developed by resistor, 65 (189-190) 
Number of oscillations in a wave train, 
16 (42) 
Nyquist criterion and diagram for feed- 
back amplifier, 53 (151), 54 (154) 


Open-circuited line, 87 (259) 
Operating characteristics of ideal tung- 
sten filament, 24 (74) 
Operation of triodes in parallel, 23 (68) 
Oscillations, number of in wave train, 
16 (42) 
Oscillators, 58-64 (164-188) 
Oscillator, beat frequency, 63 (186) 
Colpitts, 60 (174), 63 (187) 
condition for oscillation in, 
(164-170), 60 (172-175) 
crystal, 61 (176) 
dynatron, 58 (164) 
employing valve grid-anode capaci- 
tance, 60 (175) 
frequency of oscillation in, 58—59 (164, 
167), 59 (170-171), 60-62 (173- 
180), 62-63 (182, 184) 
Hartley, 59-60 (171-173), 64 (188) 


58-59 
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Oscillator (contd.)— 
period of oscillation, 62-63 (181-183) 
relaxation, discharge-tube type of, 62 
(181-182) 
thyratron, 63 (183) 
resistor-capacitor types, 61-62 (177- 
180) 
tuned-anode, 
(170) 
tuned circuit, design of for receiver, 
72 (218) 
tuned-grid, 59 (168-169) 
Oscillatory circuit, natural frequency of 
free oscillations in, 16 (43) 
circuits, 16 (42-43) 
Output impedance of amplifier with 
feedback, 53-54 (153-154) 
of cathode follower, 53 (152-153) 
resistance of transistor amplifier stage, 
54-55 (155-157) 


58-59 (165-167), 59 


Padding capacitance, 72 (218) 
Parallel circuit, 3-4 (3-6), 9 (24-25), 52 
(145-146), 65 (193) 
with impedance independent of 
frequency, 9 (24) 
operation of triodes, 23 (68) 
resonance, 3 (3), 4 (5-6), 52 (145-146) 
Parallel-valve stabilizer, 40 (114) 
Parameters, four-terminal network, 91 
(273), 92-94 (278-280), 95-96 
(282-284) 
hybrid, of transistor, 31 (87), 56 
(159-160) 
Pentode, equivalent circuit of, 30 (86) 
noise in, 65 (195) 
Percentage modulation, 69 (205-206) 
Period of oscillation of oscillator, 62 
(181), 63 (183) 
Phase-angle measurements using cathode- 
ray tube, 109-110 (325-327) 
Phase-constant, image, 91 (274) 
Phase-constant of line, 86 (253) 
Phase distortion in amplifier, 44 (122) 
Phasemeter, electronic, 110 (328) 
Phase-shift, in amplifier, 44 (122) 
Phase-shifting network, 10 (28) 
Photoelectric cell, gas-filled, 82 (245) 
emission, 82 (244-245) 
Photoelectricity, 82 (244-247) 
Photomultiplier sensitivity, 82 (246) 
Photosensitive surface, threshold wave- 
length for, 82 (244) 
Photovoltaic cell, characteristics of, 82 
(247) 
Pi-sections of filter, 101-102 (300-301), 
102 (304-305) 
Plasma, gas-discharge, electron concen- 
tration in, 80 (240) 
electron temperature in, 80 (240) 
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Potential, contact across p-n junction, 21 
(58) 
Power amplifiers, 47-48 (134, 137), 49 
(140), 50-51 (142-143) 
amplifier, with choke-capacitor coup- 
ling, 49 (140) 
factor of capacitor, 10 (27) 
gain of transistor, 55 (156). 
output of amplifier, 48 (137), 49 (140), 
50-51 (142-143) 
Principle of superposition, 33 (94) 
Probe, Langmuir, in gas-discharge tube, 
80 (240) 
Propagation constant of line, 87 (261) 
Push-pull amplifier, 50 (141-142) 


Quarter-wavelength dielectric plate to 
eliminate reflection, 113 (336) 
line, 88 (263) 
transformer, 90 (270) 
“Q” value, 3 (1-2), 4 (4-5), 5 (8), 52 
(146), 88 (264) 
of transmission line, 88 (264) 


Radiation from aerial, 103 (309-310) 
resistance of aerial, 103 (306-307) 
Reactance-valve circuit, 71 (214) 
Receiver, design of oscillator tuned 
circuit for, 72 (218) 
ganging of oscillator and signal cir- 
cuits in, 72 (218) 
noise measurements on, 67 (200-201) 
superheterodyne, amplitude-modu- 
lated, 72 (217-218) 
intermediate frequency in, 72 (217- 
218) 
Reciprocity, 31 (90) 
Recombination coefficient of plasma, 81 
(243) 
Rectangular waveguide, 99 (286-288), 
99-100 (290-296) 
Rectification, 36-39 (99-110) 
efficiency, 36 (99-102), 38 (105) 
Rectifier, employing gas diode, half-wave, 
36 (100) 
filters, 38-39 (107-110) 
full-wave, 36 (102), 38-39 (107-110) 
half-wave, 36 (99-101), 37-38 (103~105) 
high-vacuum diode, half-wave, 36 (99) 
metal, 37 (104) 
thyratron as, 23 (67), 38 (106) 
Reduction of distortion in amplifier with 
feedback, 17 (149) 
Reflex klystron, 84 (250) 
Regulation of rectifier circuits, 36 (101- 
102) 
Relaxation oscillator, 62-63 (181-183) 
Representation, Fourier-Series, of wave- 
forms, 17-19 (4449), 38 (107), 39 
(109) 
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Representation (contd.)— 
of losses in capacitor, 10 (27) 
Resistivity of semiconductor, 20 (52-53) 
Resistor-capacitor coupled amplifier, 44 
(123), 45 (127), 46 (128), 56 (161) 
oscillator, ladder-phase-shift type, 62 
(178-180) 
Wien-bridge type, 61 (177) 
Resonance, 3 (1-3), 4 (5-6), 5 (8), 52 
(145-146) 
parallel, 3 (3), 4 (5-6), 52 (145-146) 
series, 3 (1-2) 
Resonant frequency, 3 (1, 3), 4 (5), 5 (8), 
6 (12) 
Ripple factor, 36 (99-100, 102), 38-39 
(107-110) 
Roberts—von Hippell method for deter- 
mining standing-wave ratio, 100 
(296) 
Root-mean-square value of full-wave 
rectifier waveform, 17 (44) 


Scattering of electron beam in cathode- 
ray tube, 81 (242) 
Schering bridge, 104 (313) 
Schottky effect, 25 (76) 
Screening, 114 (341) 
Second-harmonic distortion in amplifier, 
48 (137-138), 52 (149) 
Secondary-emission coefficient at cathode 
of glow-discharge tube, 80 (238) 
Selectivity of line reactance, 88 (265) 
Self-capacitance of coil, 8 (20-22) 
Semiconductor carrier mobilities, 20 (52) 
Semiconductor conductivity, 20 (52) 
Semiconductor fundamentals, 20-21 (51- 
60) 
Semiconductor resistivity, 20 (52-53) 
Sensitivity of cathode-ray tube, 76 
(227-228) 
of photomultiplier, 82 (246) 
Series circuit, 3 (1-2), 9 (25) 
-derived T-section for filter, 102 (301), 
102 (305) 
-parallel valve stabilizer, 42 (116) 
-resistance a.c. bridge, 105 (316) 
resonance, 3 (1-2) 
-valve stabilizer, 41 (115), 42 (117) 
Short-circuited line, 87-88 (259, 263), 
88-89 (265, 268) 
Shunt-derived 7-section for filter, 102 
(301), 102 (305) 
Sidebands, 69 (204, 207), 70-71 (210, 
212-214), 113 (337) 
Single-turn circular loop aerial, 103 
(306) 
Skin depth, 113 (333-334) 
Smith Chart, 87 (261-262), 90 (272) 
Space-charge-limited current density, 24 
(71-72) 
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Space-charge wave theory of klystron, 
85 (252) 

Spectrum, modulation, 70 (210, 212) 

Square-root circuit, 35 (97) 

Squaring circuit, 35 (97) 

Stability of feedback amplifier, 54 (154) 
Stabilizer, current, barretter as, 43 (118) 
glow-discharge tube as, 40 (111-113) 

thermionic-valve, effect of heater- 
voltage variations of valves on 
stability of, 42 (117) 
voltage, 40-42 (111-117) 
Stabilovolt, 40 (111) 
Standing-wave ratio, voltage, 87 (260, 
262), 89 (268), 100 (296) 
determination of, 100 (296) 
Stub-matching, 90 (271-272) 
Summing amplifier, common-cathode 
arrangement, 34 (96) 
simple-feedback type, 34 (95) 
Superheterodyne receiver, amplitude- 
modulated, 72 (217-218) 
intermediate frequency in, 72 (217- 
218) 
Superposition, principle of, 33 (94) 
Surface roughness, effects of on wave- 
guide attenuation, 100 (294-295) 


Television system, bandwidth of, 113 


Tetrode, equivalent circuit of, 30 (86) 
Thermionic emission, 24 (69-70, 74) 
Thévenin’s theorem, 7 (17), 86 (257) 
Three-halves power law, Child-Lang- 
muir, 24 (71-72) 
Threshold wavelength for photosensitive 
surface, 82 (244) 
Thyratron as rectifier, 23 (67), 38 (106) 
characteristics, 22-23 (64-66) 
control ratio of, 22~23 (64-65), 63 
(183) 
relaxation oscillator, 63 (183) 
time-base, 75 (224-225) 
Time base, 75-76 (223-226) 
circular, 75 (223) 
simple glow-discharge tube, 76 (226) 
thyratron, 75 (224-225) 
T-network, equivalent of four-terminal 
network, 92 (277) 
Transfer matrix, 93-96 (279-283), 98 
(285) 
Transformer-coupled amplifier, 48 (135- 
136 


quarter-wavelength, 90 (270) 
Transforms, Laplace, 15 (40), 15 (41) 
Transients, 12-15 (31-40) 

Transistor, 26 (78-79), 31 (87-90), 54-55 
(155-157), 63 (187), 93 (279) 
alpha cut-off frequency of, 31 (91), 32 
(92) 
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Transistor (contd.)— 
amplifiers, 31 (89), 54-55 (155-157) 
biasing circuit, 57 (162-163) 
characteristics, 26-27 (78-80) 
common-base circuit, 26 (79), 31 
(88-89), 54—55 (155-156), 56 (159- 
161), 93 (279) 
common-collector circuit, 31 (88-89), 
55 (157) 
common-emitter circuit, 26 (78-79), 31 
(88-89), 55-56 (157-158), 56 (160, 
161) 
current amplification factor, 32 (92) 
equivalent circuit of, 31 (88, 90), 56 
(161) 
hybrid parameters of, 31 (87), 56 
(159-160) 
oscillator, 63 (187), 64 (188) 
Transmission lines and networks, inclu- 
ding waveguides and filters, 86- 
102 (253-305) 
Transmitters, 69 (204-206) 
Trimmer capacitance, 72 (218) 
Triode, noise in a, 65 (194) 
Triodes in parallel, 23 (68) 
Triode with resistive load, 44 (119), 45 
(124-126) 
T-section attenuator, 92 (276) 
T-sections of filters, 101-102 (300-302), 
102 (304-305) 
Tuned-anode amplifier, 52 (145-146) 
oscillator, 58-59 (165-167), 59 (170) 
Tuned-grid oscillator, 59 (168-169) 
Tuner, double-stub, 90 (272) 
Tungsten filament, operating characteris- 
tics and life of, 24 (74) 
Twin-T network, 91 (275) 
Two-cavity klystron, 84 (251) 
Two-stage amplifier, 45 (124), 52 (146) 


Valve, equivalent circuit of, 29-30 (81- 
86), 33 (93), 34 (96), 44 (122), 45 
(126-127), 46-48 (129, 135-136), 
52 (146), 53 (153), 59 (170), 60-61 
(173-176), 107 (320), 110 (328) 

Variometer, 7 (16) 

Vector diagram for amplifier arrange- 
ment, 44 (122) 

Velocity modulation, 84 (251) 

of propagation on line, 86 (253), 87 
(259) 

Voltage amplifier, 44 (119-120), 44-46 

(122-129), 48 (135-136), 48 (138) 
gain of transistor, 54 (155), 55-56 
(156-160), 93 (279) 

Voltage-source equivalent circuits, 29-30 
(81-83), 30 (85), 34 (96), 44 (122), 
45 (126-127), 46-48 (129, 135), 53 
(153), 59 (170), 60-61 (173-176), 
107 (320), 110 (328) 
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Voltage— 
stabilizer, 40-42 (111-117) 
standing-wave ratio, 87 (260, 262), 89 
(268), 100 (296) 


Wave filters, 101-102 (297-305) 
Waveform analysis, 17-19 (44-49) 
Waveforms, Fourier-series representation 
of, 17-19 (44-50), 38 (107), 39 
(109) 
Waveguide attenuation, 99-100 (291- 
295) 
circular, 99 (289) 
component, loss in, 100 (296) 
cut-off attenuator, 99 (290) 
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Waveguide (contd.)— 
modes, 99-100 (286-295) 
rectangular, 99 (286-288), 99-100 (290- 
296) 
Waveguides, 99-100 (286-295) 
Wavelength constant of line, 86 (253) 
critical in waveguides, 99 (286, 288- 


Wavemeter, 8 (19) 

Wave-train, number of oscillations in a, 
16 (42) 

Whistles, interference, 72 (217) 

Wien bridge type of R-C oscillator, 61 
17 


(177) 
Work function, 24 (69-70), 82 (244-245) 
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Dr Benson's Problems in Electronics with Solutions is familiar to undergraduate 
teachers and students in electrical and electronic engineering at universities 
and technical colleges, and is known also to postgraduate engineers. It was 
first published in 1958; in the words of the reviewer in the Bulletin of Electrical 
Engineering Education, the book was then “very favourably received". Since 
1958, its virtues as described by reviewers have been confirmed in the sales of 
later editions. 


Advances in knowledge have made necessary three new editions already. 
The author and his publishers have recognized that more substantial changes 
are now needed, so that the book may serve this generation of students as well 
as previous ones. The Fourth Edition has, therefore, been more completely 
revised than any previous one. 


The form of Problems is as before: the first part of the book contains the 
problems, with answers in brief, and the second, the solutions, where the steps 
by which the quoted answers were arrived at are given in extenso, (In this sec- 
tion, the reader is referred to textbooks and papers: the student is thus en- 
couraged to explore the literature himself.) There is a very full index by subjects 
at the end, as in earlier editions. 


Although the form is unaltered, the content is expanded. Nearly fifty new 
problems have been added: these are partly in two new chapters, on Semi- 
conductor Fundamentals and The Kinetic Theory of Gases, and partly in sec- 
tions of topics covered in the Third Edition, e.g. Noise and Transistor Circuits. 


The book has thus been increased by almost a sixth of its previous length: 
there are now 349 problems. But the price of its hardcover edition has gone 
up by only a fourteenth, and the new paperback is half the hardcover price. 


A REVIEW OF AN EARLIER EDITION 


“The selection of problems is catholic, but has been done with care... The 
book will be found to be most helpful to all students of the subject and its 
balance is admirable.” 


Journal of Electronics and Control (of the Third Edition). 


Dr Benson has been 
Reader in Electronics 
at Sheffield since 1961. 
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